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Symbols and Abbreviations 
Aqueous phase. 
Reciprocal centimeters, Wavenumber. 
Counts. 
Extraction coefficient (= Total Concentration 
in organic phase divided by the total concen-
tration in aqueous phase.) 
Free energy. 
Enthalpy. 
Gram( s). 
Equilibrium quotient, i.e.' the 11 constant11 
calculated by using concentrations rather 
than activities in the equilibrium expres-
sion. 
Molal. 
Molar. 
Normal. 
Organic phase. 
Entropy. 
Temperature on the Absolute or Kelvin scale. 
Tributyl phosphate. 
Tris(2-ethylhexyl)phosphine oxide. 
Tri-n-octylphosphine oxide. 
Weight 
Other symbols and abbreviations are explained in the text 
as they occur. 
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CHAPTER I 
A. Introduction. 
In recent years, an increasing number of organophosphorus 
compounds are being used as ligands to form complexes with 
transition metal salts. The application of these compounds in 
solvent extraction studies is made possible by two characteris-
tics, viz. (i) The presence of an electron donating site in the 
molecule and (ii) The excellent solubility of these compounds 
in organic solvents. One of the best known compounds of this 
class is tri-butyl phosphate (TBP). The use of TBP for ex-
tracting cerium(IV) was mentioned as early as 1949. 1 Since 
then a number of papers have been published on the use or TBP 
as an extractant for inorganic compounds. 2 •3,4 Thus Healy and 
McKay investigated the formation of complexes between TBP and 
inorganic nitrates such as those of alkali metals and the me-
tals of the lanthanide and actinide series. 2 Included in the 
actinide series were the complexes of uranyl, neptunyl and 
plutonyl nitrates. Hesford and McKay3 have developed a theory 
of TBP extraction of metal nitrates, based on the observation 
that metal nitrates exist in TBP predominantly in a single 
molecular form M(NOJ)p • q TBP. Naito investigated in detail 
the mechanism of extraction of uranyl nitrate by TBP.4,5 
1. Warf, J.C., J. Am. Cham. Soc. 11• 3Z57 (1949). 
2. Healy, T.v. and McKay, H.A.C., Rec. Trav. Chim. ]2, 730 
(1956). 
3· Hesford, E., and McKay, H.A.c., Trans. Faraday Soc. ~. 
573 (1958). 
4• Naito, K., Bull. Cham. Soc. Japan, )1, 36) (1960). 
5· Naito, K., Bull. Chern. Soc. Japan, ll• 894 (1960). 
2 
This was done by extraction and infrared studies. These 
studies established the formation of a complex of the compo-
sition uo2(No3 )2 (TBP)2• Melnick and Freiser investigated 
the copper thiocyanate complex of TBP. 1 
No doubt due to their application for recovering uranium 
from reactor fuel, a large amount of work has been done on 
the extraction of uranium with TBP and other phosphate esters. 
In an attempt to improve the extraction of uranium, a number 
of organophosphorus compounds have been investigated. Among 
them may be mentioned mono-, di-, and trialkylphosphates, 
alkylphosphonic and phosphinic acids and their esters and 
phosphine oxides. Results obtained from the investigation 
of various types of organophosphorous reagents have been 
described in a series of "Progress Reports for Uranium Chem-
istry of Raw Materials Section." 2 •3,4,5, 6 It was reported 
in 1951 that when the-OR group in a trialkylphosphate is 
progressively replaced by an -R group, the extraction ability 
of the reagent improved.7 The improved extraction ability is 
no doubt related to the increase in the ionic character of the 
phosphoryl bond accompanying the replacement of - OR by an -R 
group. 
1. Melnick, L.M. and Freiser, H., Anal. Chem. £1..• 462 (1955). 
2. Progress Report, ORNL- Y-12, Y-823, November 30, 1951. 
J•. Progress Report, ORNL- 1220, January 25, 1952. 
4 Progress Report, ORNL- 1308, May 23, 1952. 
5· Progress Report, ORNL- 1)84, October 23, 1952. 
6. Progress Report, ORNL- 1480, December 6, 1952. 
7• "Quarterly Report, October-December 1951'1 Hanford Works, 
HW-23160, January 15, 1952. 
3 
B. Review of the Chemistry of Phosphine Oxides. 
One of the earlier investigations Of phosphine oxides 
was done as early as the beginning of the present century 
and was reported by Picard1 in 1906. He described the forma-
tion of compounds of trialkyl phosphine oxides with acids 
such as ferrocyanic, cobalticyanic, and chloroauric acids. 
Also reported therein were compounds of triphenyl phosphine 
oxide with Cdi2 , HgC12 , CoC12 and Zni2 • 
Interest in organophosphorus compounds in general was 
aroused after the publication of the book on these compounds 
by Kosolapoff. 2 Due to the promise shown by trialkyl phos-
phine oxides for extraction purposes3 - 7 a detailed investi-
gation of the application of these compounds was undertaken 
by workers at the Oak Ridge National Laboratory, Oak Ridge, 
Tennessee, u.s.A. Their findings are embodied in a report8 
published in 1955· In summary, they found that the extrac-
tion coefficients for uranium found with the symmetrical 
n-octyl, n-decyl, and n-dodecyl phosphine oxides were similar. 
The extraction coefficients were found to be substantially 
lower in case of the tris-2-ethylhexyl compound. 
1. Picard, Kenyon, J. Chem. Soc. 89, 262 (1906). 
2. Kos olapoff, G.M., "Organophosphorus Compounds, 11 J. Wiley 
and Sons Inc. (1950). 
)•. Progress Report ORNL - Y-12, Y-823, November 30, 1951. 
4 Progress Report, ORNL-1220, January 25, 1952. 
5· Progress Report, ORNL-1308, May 23, 1952. 
6. Progress Report, ORN~lJ84, October 23, 1952. 
7• Progress Report, ORNL-1480, December 6, 1952. 
8. Blake, C.A., Brown, K.B., Coleman, C.F., U.S.A.E.C. 
Report ORNL- 1964 (1955). 
4 
Work has been carried out along various lines in the 
field of phosphine oxides as complexing agents. Among them 
may be mentioned the work of Cotton and coworkers.l-3 They 
2+ prepared and studied the ion (Ph3Po)4co and concluded on 
the basis of spectral and magnetic evidence that it should 
be tetrahedral. The ion has a deep blue-purple color, charac-
teristic of tetrahedral Co(II) complexes. Cotton and Bannister 
also studied2 '3 the properties of (Phjfo)
4
Ni2+ and other ca-
tions of the type (Phlo)4M, where M = Mn(II), Fe(III), Co(II), 
Cu(II), and Zn(II). These cations were obtained by the reac-
tion of triphenyl phosphine oxide and the appropriate metal 
perchlorate in alcohol solution. From magnetic and spectral 
data, it was concluded that the Co(II), Zn(II), and Fe(III) 
complexes were tetrahedral, and the Cu(II) and Mn(II) com-
plexes were planar. 
Extensive studies in the realm of phosphine and phos-
phine oxide complexes of metal salts have been carried out 
by Issleib and coworkers. Thus, the phosphine complexes of 
Cr(II) and Cr(III) have been studied.4 Some of the complexes 
prepared and studied include Crcl3 (R3P)2 where R = cyclohexyl~, 
c 6H11 or phenyl, c 6H5 • Issleib and coworkers also prepared 
Crcl2 (0PR 3 )2 and Cr(SCN) 3 (OPR3 )2 where R = c2H5, c6H11 or c6H5 • 
1. Cotton, F.A., Bannister, E., Sarnes, R., Holm, R.H., 
Proc. Chem. Soc. (London), 158 (1959). 
2. Cotton, F.A. and Bannister, E., J. Chem. Soc., 1873, (1960). 
)•. Cotton, F.A. and Bannister, E., J. Chem. Soc., 1878, (1960). 4 Issleib, K. and Frohlich, H.O., z. Anorg. Allg. Chem., 
298, 84 (1958). 
5 
These complexes were shown to be non-electrolytes by measure-
1 ment of their electrical conductance in dry acetone. Vana-
dium(!!!) was also shown to form complexes of the general 
formula vc13 (OPR3 )2 where R is an aliphatic, cycloaliphatic 
or an aromatic group. 2 These complexes were also found to 
be non-electrolytes. 
The infrared spectra of a large number of organophosphorus 
compounds were reported by Daasch and Smith.3 This appears to 
be the first extensive work on this subject. Empirical corre-
lation of sixty reference spectra enabled the authors to as-
sign various group frequencies such as those for P-H, P-F, 
+- +-
P-Cl, ~o, ~S, P-C, P-0-H and P-o-e. More recently, the 
spectra of organophosphorus compounds widely used as extrac-
tants were studied by Horton and White.4 This report included 
the spectra of the two well known phosphine oxides used in 
the present study, viz., tri-n -oc.tylphosphine oxide and 
tris-2-ethylhexylphosphine oxide. 
A study of the addition compounds of metal halides with 
Pox
3 
compounds (X = Cl, Br, C0H5) was made by Sheldon and 
Tyree.5 Halides of Ti(IV) and Sn(IV) were used. The infrared 
spectra revealed a shift in the phosphoryl absorption frequency 
1. Issleib, K., Tzschach, A. and Frohlich, H.O., z. Anorg. 
Allg. Chern. 298, 164 (1959). 
2. Issleib, K. and Bohn, G., z. Anorg. Allg. Chern. 301, 188 
(1959). . 
3•. Daasch, L.w. and Smith, D.c., Anal. Chern., ~. 853 (1951). 
4- Horton, C.A. and White, J.c., Talanta, l• 2I5 (1961). 
5• Sheldon, J.c. and Tyree, S.Y., J. Am. Chern. Soc. 80, 
4775 (1958). 
6 
to lower frequency values on the formation of the addition 
compounds. 
by 
The effect of complex formationAR3Po on the phosphoryl 
(P-O) stretching frequencies was investigated by Cotton and 
coworkers. 1 Triphenyl and trimethyl phosphine oxide com-
plexes of transition, metal ions were investigated. It was 
observed that complex formation caused the P-O stretching 
frequencies to shift approximately 50 cm-l to lower values. 
From a Raman spectroscopic study, Kinell and coworkers2 
concluded that PO(CH3 )3 is a better donor molecule than POcl3 
in the reaction with Sbcl5 • 
c. Review of Solvent Extraction Studies. 
As a major part of the present investigation is concerned 
with the application of solvent extractionc, it is appropriate 
to review some related work. A number of excellent .artfcles 
on the subject are available. 
The applications of extraction. in analysis have been 
discussed in the book by Morrison and Freiser.3 A series of 
review~'tn "Analytical Chemistry" also covers the subject 
from 1946 to 1962. The subject is also discussed by Diamond 
1. Cotton, F.A., Barnes, R.D. and Bannister, E., J. Chern. Soc. 
2199 ( 1960). 
2. Kinell, o., Lindqvist, I., Zackrisson, M., Acta Chern. 
Scand., 11• 190 (1959). 
3. Morrison, G.H. and Fraiser, H., II Solvent Extract! on in 
Analytical Chemistry,n J. Wiley and Sons Inc. New York (1957)• 
4· Craig, L.c., Anal. Cham. 21, 85(1949); ~. 61(1950); El• 41 
(1951); ~. 66(1952); 26, 110(1954>; 28, 723 {1956). 
5· Morrison, G.H. and Fraiser, H., Anal. Chern., 12• 632 (1958 ); 
J£, 37R(l960); 1k, 64R(l962). 
7 
and Tuck.1 
Although the application of solvent extraction for puri-
fication and separation purposes has long been practiced by 
organic chemists, solvent· extraction in inorganic chemistry 
is a relatively recent development. From a chemist's stand-
point, metal extraction systems are conveniently classified 
according to the manner in which the extractable species is 
formed. 2 The modes of complex formation may include coordi-
nation, chelation and ion association. As examples of che-
late extraction systems may be mentioned the extraction of 
thorium, zirconium and iron by cupferron,3 Dithizone, 8-
Quinolinol and nitrosonaphthols are some of the more familiar 
chelating agents. As typical of the chelates formed by these 
reagents may be mentioned the lead dithizone complex,4 the 
uranyl-8-quinolinol complex5 and the neptunium(V)- 1-nitroso-
2-naphthol complex. 6 
As examples of ion association extraction systems may 
be mentioned the extraction of Fe(III) from strong hydrochloric 
1. Diamond, R.N. and Tuck, D.G. in "Progress in Inorganic 
Chemistry,~ Vol. 2, edited by F.A. Cotton; Interscience 
Publishers Inc., New York (1960). 
2. Morrison, G.H. and Freiser, H., "Solvent Extraction in 
Analytical Chemistry," J. Wiley and Sons Inc. New York (1957)• 
3· Fritz, J.S., Richard, M.J. and Bystroff, A.s., Anal. Chem. 
g;z_, 577 (1957>· . 
4· Ogawa, K., J. Chem. Soc., Japan~. 438 (1957). 
5• Bullwinkel, E.P., Noble, P., J. Am. Chem, Soc. 80, 2955 
(1958). 
6. Alimarin, I.P., Zolotov, Y.A., Pal 1 shin, J., Doklady 
Akad. Nauk s.s.s.R. 124, 328 (1959). 
8 
acid solutions into ethyl e.ther, 1 and the extraction of metal 
nitrate by tributyl phosphate. 2 
The distribution of inorganic nitrates into TBP has been 
studied by Hesford and McKay.3 As the distribution laws dis-
cussed by these authors are relevant to the present work, they 
will be discussed briefly. 
The formation of the complex M(N03 )p.q TBP is represented 
by the equilibrium: 
Neglecting activity coefficients, 
K • ( M(N03 )p• qTBP)/(~+) (NOj)P(TBP)q 
and, D = K (NOj)P (TBP)q 
•• P+• where, D is the extraction coefficient for JVr 
This equation is very useful for determining the solvation 
state of the salt in the organic phase. For constant aqueous 
phase conditions and low concentrations of TBP 1 activity co-
efficients in the organic phase can be ignored and the limit-
ing law becomes 
D ..( (TBP)q 
Hence, d log D/d log(TBP) = q, which gives the solvation 
number. 
1. Morrison, G.H. and Fraiser, H., 11 Solvent Extraction in 
Analytical Chemistry," John Wiley and Sons, Inc. New York (1957), page 64. 
2. Morrison, G.H., Fraiser, H., Anal. Chern. lQ, 633 (1958). 
3· Hesford1 E. and McKay, H.A.C., Trans. Faraday Soc. ~. 
573 ( 1958 ). 
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Because of the dependence of Don (N03), non-extract-
able nitrates show a strong salting-out effect. 1•2 Extract-
able nitrates, however, by competing for the available TBP 
can reduce the extraction of the metal of interest. This 
was shown to be the role of nitric acid in the TE.P extract-
ion of uranyl nitrate. 2 
The thermodynamics for the extraction of uranyl nitrate 
and nitric acid by esters of the type (R0)
3 
P = 0 and 
(R0)2R P = 0 was investigated by Siddall.3 It was observed 
that the strength of the bonds formed with the uranyl ion 
was in general enhanced as one of the -OR groups in the 
phosphate was replaced by an -R group. When 4F for the 
extraction of uranyl nitrate was plotted against 6F for the 
extraction of nitric acid, a straight line was obtained. 
D. Recent work on Extraction with Phosphine Oxides. 
The usefulness and superiority of trialkylphosphine 
oxides for extracting uranium from aqueous solutions was 
established by the work carried out at the Oak Ridge National 
Laboratory.4 Since then, attention has been focused on the 
application of these compounds as extractants for a number 
of other metals. 
1. 
2. 
4: 
Furman, N.H., Mundy, R.J., Morrison, G.H., 
u. s. Atomic Energy Commission Report AECD- 2938· 
Naito, K., Bull.Chem.Soc. Japan,JJ,363(19c0)· 
Siddall, T.H., J.Am.Chem.Soc.,81,4176(1959)· 
Blake, C.A., Brown, K.B. and Coleman, C. F., 
U.S.A.E.C. Report ORNL-196~(1955)· 
Tri-n-octylphosphine oxide was used by Ross and White 1-4 
to extract thorium, iron, zirconium and chromium. A 
mBthod for the extraction of uranium by TOPO from aqueous 
solutions and its subsequent determination by dibeL".oYl• 
methane was developed by Horton and White.5 Hore recently, 
the extraction of plutonium and americium by TOPO has been 
6 
reported. 
Another potentially good extractant is the tris(2-ethyl-
hexyl)phosphine oxide (TEHPO). TEHPO was used by Heyn and 
Banerjee7 to separate U(VI) by solvent extraction from bis-
muth and other diverse ions. TEHPO was also used by Ross 
and White 8 for extraction of tin, the tin being determined 
in the non-aqueous medium with pyrocatechol violet. 
1. 
2. 
3· 4· 
5· 6. 
7· 
b. 
Ross, W.J. and White, J.C., Report ORNL-2627(1956)· 
White, J.C. and Ross, W.J., Report ORNL-2)62(1957)· 
White, J.C. and Ross, W.J., Report ORNL-2498(1958). 
White, J.C. and Rcss, W.J., Report ORNL-2326(1957). 
Horton, c.A. and White, J.C., Anal.Chem.,J.Q,l779(1958 ). 
Hartin, B., Ockenden. D.w., Foreman, J.l'C., 
J.Inorg.Nucl.Chem.,21,96(19bl). 
Heyn, Arno H. A. and Banerjee, G:, 
U.S.A.E.C. Report NY0-7568 · 
U.S.A.E.C. Report NY0-7569 · 
Ross, W. J. and White, J. C., Anal.Chem. ,JJ., 2 424(1961~. 
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E. Statement of the Problem Concerning the Present Work. 
Ih view of the continuing interest in trialkyl phosphine 
oxides, due to their remarkable extraction ability compared 
to previously known extractants like TBP, it was thought that 
a detailed investigation of the species resulting from the 
uranyl nitrate- R
3
Po interaction was desirable. Because of 
their negligible solubility in water, long chain trialkyl-
phosphine oxides were an obvious choice. Tri-n-octylphos-
phine oxide was one of such oxides which was commercially 
available from Eastman Organic Chemicals. Hence, it was 
decided to use this compound. It was thought that the use 
of another long chain trialkylphosphine oxide with a branch-
ing in the alkyl group would provide an interesting compa-
rison. For this purpose, tris(2-ethylhexyl)phospnine oxide 
was selected. The first thing to establish in connection 
with the uranyl nitrate- R
3
Po species was the stoichiometry 
of the complex. Also desirable was a measure of the stabi-
li ty of the complex. 
As the presence of nitric acid in uranyl nitrate so-
lutions was known to be necessary 1 in order to prevent the 
hydrolysis of the uranyl ion, it was also intended to study 
the nitric acid- R PO species. 
3 
1. Ahrland, s., Acta Chem.Scand.,j,J74,763(1949). 
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CHAPTER II 
A. Desc:ri_p_~i_on of Materials_and Appar_a_tus Used 
1. Tri-n- octylvhosplJ,ine OJ(_i_de ( TOPvl: This reagent was ob-
tained from :S:aat!llan Orgai:lic Chemicals (EE: product 7440). The 
follovling exveriments Here ,.·el'i"ormed to check the vurity of 
the vroduct. 
(a) !1elting )2_!_Lnt: The meltinp; point of 'rvPO '"as found to be 
52- 52.5° C. This agrees closely with the r•eported value. 
(b) Infrared spectr_~: The spectrum of the compol!nd was re• 
corded in the region 5000 - 700 -1 em -. A phosphoryl. (:.&. P-0) 
• +• + llj 6 -l. "' 11 (' H b ti t aus0rp ... on a ..... ~ eM R:1,. a vary sma .- a sorp on a 
3300 cm-l ware observed. As a solid film was used, the agree-
ment of the phosphoryl absorption with values reported else-
where1 was found to be satlsfactory. 
(c) Cryoscopic molecular weight: The molecular weight was 
determined by using benzene as the solvent. A Beckmann ap-
paratus was used. The data obtained are given below. 
Weight of TOPO = 0.6488 gm 
Weight of benzene = 21.7678 
Freezing point of benzene = 
Freezing point of solution = 
~io Hence, the molecular weight 
gm 
3.816 °, on arbitrary scale. 
3.427°, on the same scale. 
= 5.10X 1000 X 0.6488 
0.389 X 21.7678 
The theoretical molecular weight for (C8H17 J3Po is 386.65. 
1. 
* 
Horton, c.A. and White, J.c., Talanta,I,215(196l)· 
The value 5.10for the molal freezing point depression constant 
taken from, Glasstone,$. 11 The Textbook of Physical Chemistry", 
D. Van Nerstrand Co., Inc., 2nd ed.(l946), pg. 646. . 
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(d) Determination of free acid content: 0.2332 gm of TOPO dis-
solved in 20 ml of ethanol required 0.19 ml of 0.04bl9 N NaOH, 
phenolphthalein being used as the indicator. The titer value 
for a blank was found to be 0.16 ml. Thus a negligibly small 
amount of free acid was indicated. The TOPO obtained from 
Eastman Organic Chemicals was used without further purifica-
tion. However, it was dried over anhydrous calcium sulfate in 
vacuo just before use. A solution of a desired molarity was 
prepared by dissolving the proper amount of TOPO in the solvent. 
2. Cyclohexane: Cyclohexane from Eastman Organic Chemicals 
was used. Both reagent and spectrograde cyclohexane were 
used. In certain experiments involving equilibrations with 
aqueous solutions, the cyclohexane was preequilibrated with 
distilled water prior to its use for making TOPO solutions. 
3• Uranyl Nitrate: c. P. grade uranyl nitrate was used after 
recrystallization from aqueous solution. The recrystallized 
product was dried overnight over 37 per cent sulfuric acid. 
A stock solution of uranyl nitrate was prepared adding suffi-
cient nitric acid to prevent the hydrolysis of uranyl ion. 
The pH of the solution was measured and found to be 1.74. 
The solution was standardized by precipitating and weighing 
uranium as the oxinate, uo2 (G9H60N)! (G9H7oN), according to 
the method described by Vogel. 1 The solution was stored in 
a polyethylene bottle with a screw cap. 
1. Vogel, A.I., •tTextbook of Quantitative Inorganic Analysis", 
Seconded. (1951), Longmans Green and Go., 
(London), p. 470· 
4. U-233 Isotope Solution: This solution was available 
from previous work done in this laboratory. 1 It contained 
96 micrograms of u-233 and 205 micrograms of natural uranium 
per ml. In order to remove possible contamination due to the 
formation of the disintegration products of u-233, the uranium 
was extracted with diethyl ether using aluminum nitrate as 
the salting-out agent. Approximately 30 ml of the isotope 
solution was extracted with four 25 ml portions of ether. 
The ether was allowed to evaporate overnight. The solid resi-
due was oxidized by concentrated nitric acid and dissolved in 
approx. 40 ml of 1 M nitric acid to give a stock isotope solu-
tion. In order to know the uranium content of this solution, 
1 ml of this solution was diluted to 100 ml, A 0.5 ml aliquot 
of this diluted solution was analyzed for alpha counts. 
As a standard, a solution containing 9.6 micrograms of 
u-233 and 20.5 micrograms of natural uranium per ml was used. 
One ml of this solution was diluted to 100 ml and 0,5 ml of 
this diluted solution was analyzed for alpha counts. The aver• 
age number of counts per minute for the stock isotope solution 
was 3255 and for the standard, 485·3· From this it was calcu-
lated that the purified isotope stock solution contained 64.4 
micrograms of U-233 and 137.6 micrograms of natural uranium 
per ml, This solution was thus 8.54 X 10-4M with respect 
to U(VI), 
1. Heyn, Arne H. A. and Banerjee, Gurupada, 
U. S, A, E. C. Report NY0-7568, 
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5. Tris(2-ethylhexyl)phosphine Oxide (TEHPO) 
This reagent was prepared by the method used by Heyn and 
Banerjee. 1 Several batches were prepared. Batches Sl and S2 
were found to be suitable for the study as shown by their pro-
parties, and hence will be described in some detail. 
Preparation of TEHPO, batch Sl: 
The reagent was prepared via the Grignard reaction between 
magnesium and 3-chloromethyl heptane, The Grignard reagent was 
reacted with phosphorus oxychloride with cooling under reflux. 
Somewhat less than the theoretical amount of phosphorus oxy-
chloride was added. This was believed to keep the formation 
of by-products to a minimum. 2 In the distillation of crude 
TEHPO under reduced pressure, Teflon sleeves obtained from 
Arthur H. Thomas co. Philadelphia, u.s.A., were used to seal 
the ground glass joints. No grease was employed. 
The boiling range of the final product was 185-200°C/ 
2.2 mm of mercury. This was redistilled at 170-185° C under 
1.5 mm of Hg. 
Some other properties of batch Sl: 
Refractive index at 25°C for ~a D light = 1.4606 
Molecular weight by cryoscopy in benzene: 
Weight of TEHPO = 0,6892 gm 
1. Heyn, Arno H. A· and Banerjee, Gurupada, 
U. S. A. E. C. Report NY0-7568 • 
2. Kosolapoff, G.M., ''Organophosphorus Compounds 11 , 
J. Wiley and Sons, Inc., P• 107. 
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Weight of benzene = 21.6634 gm 
Freezing point of benzene = 4.64Q~on the BeckmarPthermometer. 
Freezing point of solution = 4.230°, on the Beckmarn thermome tar. 
Hence, the molecular weight 
= 5•10 X O. 6892 X 1000 
O.lj.lO X 21.6634 = 395·7 
The tneoretical molecular weight is 386.6 
Infrared spectrum: The spectrum (see Appendix) showed a 
small amount of 
sorption was at 
hydroxyl absorption 
-1 
about 1155 em • 
frequency. 
Analysis of carbon, hydrogen and phosphorus: 
The P-0 ab-
The results of analysis done by two independent labors-
tories are as follows: 
Analysis of TEHPO, batch S 1 
Theoretical observed 1* observed 
Carbon 74·55 71.06 72.13 
Hydrogen 1).29 1).11 12.87 
Phosphorus 8.01 8.08 
Whereas the analyses for H and P were as required, the 
results for carbon were low. The vapor phase chromatograph 
of the sample showed a main peak representing 80 per cent. 
and another peak very close near the main one. Suspecting 
2* "' 
this impurity to be of an acidic nature, the sample was sub-
jected to the determination of free acid content. 
* Analysis done by: Schwarzkopf Micro Analytical Laboratory 
56-19 37th Avenue, Woodside 77, N.Y. 
?H'r Analysis done by: Dr. S• M. Nagy 
Department of Chemistry 
M.I.T., Cambridge 39, Mass. 
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Determination of free acid in batch S 1: 0,1603 gm of TEHPO 
required 1.60 ml of 0.04809 N sodium hydroxide. This repre-
sents 13.9 per cent impurity calculated as dialkylphosphinic 
acid, R2POOH, 
TEHPO batch S 2: This was obtained from batch S 1, The batch 
S 1 was subjected to purification by washing repeatedly with 
5 per cent sodium carbonate solution followed by washing with 
6 per cent sodium sulfate solution, until it was neutral to 
litmus and pH paper. The washed product was dried over an-
hydrous sodium sulfate and distilled at l60-l80°C/l.2 mm. 
The product showed the following properties: 
(i) Infrared spectrum similar to the parent product, except 
that the 0-H absorption was considerably smaller than in 
the parent product. 
(ii) Refractive Index= 1,4612 at 25°C for Na D light. 
(iii) Acid content: 0.0947 gm of the sample required 0.05 ml 
of 0.02152 N sodium hydroxide, thus showing that a negligibly 
small amount of acid is present. 
All other chemicals used were c. P. grade or met ACS 
reagent grade specifications. 
6. Apparatus: For extraction purposes, centrifuge tubes 
with ground glass stoppers were used. The separatory funnels 
were equipped with Teflon stopcocks. For counting purposes, 
a Model PCC 10 A proportional Counter Converter (Nuclear 
Measurements Corporation) was used in conjunction with a 
scaler Model 1040 A, of Atomic Instrument Company. Argon-
18 
Methane proportional gas (P-10) was used in the gas flow 
system. Absorption spectra were studied on a Beckman 
Model DU spectrophotometer. Some spectra were also recorded 
on a Beckman Model DK-1 recording spectrophotometer. Infra-
red spectra were recorded on Perkin Elmer Model 21 and Model 
237 recording spectrophotometers. A centrifuge Model SBV 
of the International Equipment Company was used when needed. 
Dielectric constant measurements were made using a Dielectric 
Constant Meter, Model 3 A, of Yellow Springs Instrument Co., 
Inc. Refractive indices were measured with an Abbe refracto-
meter. A constant temperature bath controlled to within+ 
0.05°C was used in temperature dependence studies. Tempera-
tures were read to the nearest tenth of a degree. 
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B. Extraction Studies using TOPO. 
As the majority of experiments in this section and 
those in Section C involve the same or a similar technique, 
the first one of the following experiments w:i.ll be described 
in somewhat greater detail as concerns the technique of 
equilibration and sample preparation for counting. 
1. Stoichiometry of the Uranyl Nitrate: TOPO Complex. 
The solvation number of uranyl nitrate by TOPO was deter-
mined by two types of extraction experiments. A well known 
method1 of finding the solvation number consists in deter-
mining the extraction coefficients at varying excess concan-
trations of the extractant. Assuming that a single species 
extractable into the organic phase is formed between uranyl 
nitrate and TOPO, the formation of the complex is represented 
by the follewing equilibrium: 
Some comment on the validity of the extraction equili-
brium written in this manner is desirable. The value of "b" 
in this equation refers to the number of TOPO molecules 
"solvating'' one uranium (VI) ion in the extracted species; 
hence "b" can be called the "solvation number" of U(VI) by 
TOPO. It will be shown in this section that this number is 
1. Hesford, E. and McKay, H.A.C., Trans.Faraday Soc.,~,57J(l958), 
two. It will also be shown in a later section (Section B 5) 
that one uo2 unit is present, together with two TOPO mole-
cules, per formula unit of the complex. 
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That two nitrates accompany one uranyl ion in the extract-
ed species is strongly suggested by the requirement of electri-
cal neutrality for the organic phase, together with the fact 
that the aqueous phase under all conditions of experiments had 
a pH<2 and was rich in nitrate ions. This point requires 
careful consideration, however. 
In the first place it may be concluded that the aqueous 
medium did not contain hydroxyl complexes under the conditions 
of the experiments. Thus it has been demonstrated by Ahrland1 
on the basis of "extinctiometric" and glass electrode measure-
++ 
ments that in aqueous solution uo2 is the only existing com-
plex of six-valent uranium from pH 0.1 up to pH 2. Definite 
evidence of hydrolysis was obtained at pH 2.7. The ionic 
strength was maintained constant at 1 by the use of sodium 
0 perchlorate and the study refers to 20 c. 
The assumption of two nitrate ions accompanying one 
uranyl ion in the extracted species suggests that the extract-
ion coefficient of U(VI) should vary as the square of the 
nitrate concentration. In order to test this idea, the va-
riation of the extraction coefficient of U(VI) with sodium 
nitrate concentration was studied. The details are recorded 
1. Ahrland, s., Acta Chern. Scand. ,]..374( 1949) • 
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in the Appendix. Using an aqueous phase 0.002 Min U(VI) 
and 0.0122 Min nitric acid and varying the sodium nitrate 
concentration between 0.1 and 0.25 M, extractions were car-
ried out by 0.01 M TOPO in cyclohexane. A least squares 
slope of 1.5 was obtained for log E~ vs. log [NO)l• The 
departure of the slope from two could be due to one or more 
of the following reasons: 
+ (i) Existence of nitrate complexes such as uo2 {N03 ) or 
U02 (N03 )2 in the aqueous phase. 
(ii) Existence of some hydroxide in place of nitrate in 
the extracted species. 
(iii) Changes in extraction coefficient, E~, due to changes 
in ionic strength. 
Experimental results for the extraction of U(VI) by 
0.01 M TOPO from 0.1 to 0.4 M nitric acid (Table 2 and 
Fig. 2) gave a value of 0.78 for the slope d log E0 / d log 
a 
[HN03 ]. This result affords a strong evidence that the 
existence of some hydroxide in place of nitrate in the ex-
tracted species is not likely. The smeller values of E0 are 
a 
probably due to nitrate complexes of U(VI) in the aqueous 
phase. 
The possibility that the observed slope departs from 
two due to changes in ionic strength still remains. However, 
the work of Naito1 and of Gluekauf et al2 affords a strong 
1. 
2. 
Naito, K., Bull. Chern. Soc. Japan,Jl,J6J(l960). 
Gluekauf, E., McKay, H.A.c. and Mathieson, A.R. 
· Trans.Faraday Soc.,~,4J7(1951). 
evidence that this is unlikely. Thus Naito has shown that 
in the TBP extraction or U(VI) from nitrate solutions, two 
nitrate groups accompany each U(VI) ion in the extracted 
species. Gluekaur and coworkers have demonstrated that in 
the extraction of uranyl nitrate by ether, the ratio E0 I 
a 
LNO:J)')/;, where i± is the mean activity coefficient of 
uranyl nitrate, remained constant. 
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Thus it may be concluded that two nitrate ions accompany 
one U(VI) ion in the extracted species and that any deviations 
or the slope d logE~ I d log [nitrate) from the expected 
value is most likely due to the presence of nitrate complex(es) 
or U(VI) in the aqueous phase. 
Returning to the extraction reaction set forth at the 
beginning of the above discussion, the equilibrium quotient 
for the reaction may be written: 
K • 
[UO ++) [No
3
- )2 [TOPO )b 2aq . aq org 
where square brackets indicate concentrations and where all 
activity coefficients are incorporated in Ko 
Hence, the extraction coefficient i.e., 
Total U concentration in org. phase 
Total U concentration in aq. phase 
K [NO- ) 2 [TOPO )b 3 aq org 
... 
For constant aqueous phase conditions and keeping nitrate 
++ concentration in large excess to the uo2 concentration, 
the limiting law is 
The Extraction coefficient ~ [TOPO]b 
For this experiment, 2 ml of the U-233 isotope solution 
(Sec. A), 5 ml of uranyl nitrate stock solution and 50 ml 
of approximately tenth normal nitric acid solution were 
mixed together in a 250 ml volumetric flask and the volume 
was made up to the mark with distilled water. The result-
ing solution was thus about 10-3 M with respect to U(VI) 
and 0.0305 M with respect to nitric acid. Dry TOPO was 
dissolved in cyclohexane to give a 0.1 1'1 solution from 
which, by avpropriate dilutions, TOPO solutions ranging 
from 0.02 M to o.o8 M were prepared. Ten milliliters of 
the aqueous phase and an equal volume of the respective 
organic phase were mixed in a 35 ml ground glass stoppered 
centrifuge tube. The centrifuge tube was shaken intermit-
tently over a period of 10 minutes. The phases were separa-
ted by means of a separatory funnel equipped with a Teflon 
stopcock. After separation, 0.5 ml of aqueous phase was 
evaporated on a stainless steel planchet with concentric 
rings. The organic phase was diluted fivefold and 0.5 ml 
of this diluted phase was evaporated on another stainless 
steel planchet. The samples on the planchets were counted 
for alpha particles. It was necessary to burn off the 
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organic matter (TOPO) before counting, to minimize the 
effect of self absorption of the alpha particles, This is 
illustrated by the data in the following table. After sub-
tracting the background from the observed counts for the 
aqueous and organic phases and noting the fivefold dilution 
of the organic phase, the extraction ratio Uorg / Uaq was 
calculated. The procedure was repeated several times, using 
different concentrations of TOPO in the organic phase. 
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TABLE I 
TOPO Concentration Counts/3 min Uorg/ Uaq 
Aq. Org. phase Org. phase 
phase before burning after burning 
organic matter organic matter 
0.02 M 338 1284 1511 22.4 
0.03 M 155 1439 1519 49·3 
o.o4 M 59 1386 1533 132·9 
o.os M 48 1155 1542 165·3 
0.06 M 30 1393 1559 272.6 
0. 08 M 18 1555 469·7 
The plot of logarithm of the extraction coefficient against 
the logarithm of TOPO concentration is shown in fig. 1. 
The slope of the line calculated by the least squares treat-
ment1, is 2.2. This strongly suggests the solvation number 
of two. 
1. Youden, w.J., "Statistical Methods for Chemists" 
John Wiley and Sons, Inc. (1951), P• 42; 
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2. Extraction of Nitric Acid by TOPO 
As the presence of nitric acid in uranyl nitrate solu-
tions was necessary to prevent the hydrolysis of uranyl ion, 
it was logical to examine the effect of varying the nitric 
acid concentration on the extraction of U(VI) by TOPO. 
Solutions of uranyl nitrate each 7•65 X 10-5M in U(VI) 
and of nitric acid molarity varying from 0.1 to 0.7 M were 
prepared. Extractions were carried out at 25°C (thermostat) 
by mixing 5 ml of aqueous phase and an equal volume of 
organic phase, the organic phase being an 0.01 M solution 
of TOPO in cyclohexane. For comparison, extractions were 
also carried out by a 0.02 M TOPO solution. The extraction 
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coefficients were determibed by alpha counting of the aqueous 
and organic phases. The results are tabulated in Table 2. 
The results are also plotted in fig. 2. It can be seen that 
the extraction coefficients for uranium increase with the 
nitric acidconcentration up to about 0.45 M nitric acid and 
decrease thereafter. The initial increase in the extraction 
coefficients can be explained as being due to the salting-out 
effect of nitric acid on the extraction of uranium. After 
about e.45 M nitric acid, nitric acid itself begins to be 
extracted. Consequently, as more and more TOPO is bound to 
nitric acid, the extractant available for uranium decreases 
and hence the observed decrease in the extraction coeffi-
cients of U(VI). 
TABLE 2 
Effect of Variation of Nitric Acid Concentration on the 
Extraction of U(VI) by TOPO. Concentration of U(VI) a 
7•65 X 10•5 M 
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Nitric acid molarity Extraction coefficient (U0r/Uaq) 
0.01 M TOPO 0.02 M TOPO 
0.1016 31·3 79.2 
0.2015 44·9 112.9 
o.3o 64.6 155.8 
0.3976 93.8 221.8 
o.4975 86.1 246·7 
0.5975 64.8 200.5 
0.6975 61.6 136.2 
200 
20 
0·1 0·2 
/ 
.0~ 
FIGURE 2 · 
EXTRACTION OF URANIUM(VI) BY TOPO· 
P.LOT OF U (VI) EXTRACTION COEFFICI-
ENT VS· NITRIC ACID MOLARITY. 
l SEMI:- LOG PLOT) 
0·3 0·4 oo 0·6 
29· 
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3• Solvation Number of Nitric Acid by TOPO. 
To get extraction coefficients of conveniently measur-
able magnitude in the extraction of nitric acid by TOPO, it 
was found necessary to use a salting-out agent. The effect 
of sodium nitrate (recrystallized from aqueous solution) on 
the extraction of nitric acid by TOPO was studied. Approxi-
mately 0.1 M TOPO solution in cyclohexane was the extractant 
The aqueous phase was 0.03537 M with respect to nitric acid. 
After extraction at room temperature, the phases were separa 
ted and the nitric acid was determined in the aqueous phase 
by titration with a standard sodium hydroxide solution 
(standardized against primary standard potassium biphthalate 
using phenolphthalein indicator. The nitric acid extracted 
into the organic phase was calculated from the knowledge of 
the initial aqueous nitric acid concentration. The results 
are summarized in Table 3 and are plotted in fig. 3• 
Variation of extraction coefficient of nitric acid with TOPI 
concentration. 
As in case of the extraction of uranyl nitrate (Sectio: 
B 1), it can be shown that for constant aqueous phase 
conditions, 
The extraction coefficient of nitric acid, i.e. [HN03 l . org · 
cC [TOPO]b, where b is the solvation num 
The aqueous phase was 0.02201 M with respect to nitric 
acid and 0.40 M with respect to sodium nitrate. The organic 
phase consisted of TOPO dissolved in cyclohexane to give 
solutions ranging from 0.04 M to 0.20 M. Extractions were 
carried out by mixing equal volumes of the two phases at 
room temperature (-25°c) and nitric acid in the aqueous 
phases was determined by titration with sodium hydroxide 
solution. The results are summarized in Table 4• The plot 
of log [HNOJorg] / [HN03 aq] against log (TOPO) is shown 
in fig. 4• The slope of the line is 1.18 indicating that 
under the conditions of the experiment a 1:1 complex is 
formed. The titration of nitric acid was done in a nitrogen 
atmosphere. 
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TABLE 3 
Effect of Sodium Nitrate on the Extraction of Nitric Acid 
by TOPO. 
Concentration ofaqueous nitric acid = 0.03537 M 
Cone. of TOPO = 0.1 M, Phase ratio = 1 : 1 
Sodium Nitrate Molarity 
0.2 
o.6 
1.0 
2.0 
tHN03org]/[HN03aq] 
0.277 
0.565 
0.847 
1.216 
1.759 
TABLE 4 
Variation of the Extraction Coefficient of Nitric Acid 
with TOPO cone. 
TOPO Molarity [HNOJorg]/[HN038q] 
o.o4 0.1404 
o.oB 0.3055 
0.10 0.4246 
0.15 0.7049 
0.20 1.019 
32 
1-
z 
w 
u 
Li: 
u. 
w 
0 
u 
I· 0 
z 
0 
1-
u 
<{ 
a: 
I-
X 
LLI 
0·1 
33 
FIGURE 3· 
SALTING-OUT EFFECT Cr SODIUM 
Nl TRATE • NITRIC ACID EXTRA-
CTION COEFFICIENT VS· SODIUM 
·NITRATE MOLARITY· 
/ 
0·1 1·0 
SODIUM NITRATE MOLARITY 
34 
FIGURE 4 · PLOT OF NITRIC ACID EXTRAC-
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4. Further Extraction Experiments to Determine the Stoichio-
metry of the Uranyl Nitrate - TOPO Complex. 
"continuous Variations Method'~ 
A well Known method for determining the composition of 
a complex is the method of "Continuous variations" 1 • A 
detailed analysis of the method is to be found in the paper 
by Vosburgh and Cooper.2 It has been shown that the method 
can be applied to a two phase system.3 The availability of 
a radioactive isotope of one of the components (more often 
the central metal atom) of the complex makes it possible to 
use radiation counting techni~ue in conjunction with conti-
nuous variations, 
In applying this test to the U(VI) : TOPO system, an 
aqueous solution 0.00502 M with respect to uranyl nitrate 
and 0,38 M with respect to nitric acid was prepared. The 
solution contained u-233 isotope in tracer concentration in 
addition to natural uranium, the total concentration amount-
ing to 0.00502 M. The organic phase was a 0.00502 M solution 
of TOPO in cyclohexane. It was established by a separate 
experiment that cyclohexane itself does not extract any 
uranium. The extractions were carried out by mixing dif-
ferent volumes of aqueous and organic (TOPO) phases, the 
total volume being 10 ml. After separation of the phases, 
1. 
2. 
3· 
Job, P., Ann. Chim.,.:l,,ll3(1928)· 
Vosburgh, w.c., and Cooper, G.R., J.Am.Chem.Soc.,£1,437(1941)• 
Irving, H. and Pierce, T.B., J,Chem.Soc. 2565(1959). 
0.5 ml of the organic phase was evaporated on a planchet 
and the number of alpha counts was recorded. A summary 
of the results is presented in Table 5· The "mole fraction" 
of U(VI) is computed by dividing the ml of U(VI) by the 
total volume of the two phases. The results of the 
"Continuous variations" experiment are plotted in fig. 5· 
A maximum in the plot corresponding to the uranium mole 
fraction 0.33 indicates the formation of U(VI) : TOPO 
complex with a mole ratio 1 : 2. This gives an a6ditional 
evidence for the stoichiometry. 
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TABLE 5 
Application of the Method of "Continuous variations" to 
the U(VI) : TOPO System. 
Ml of U(VI) Ml of TOPO ''Mole fraction" Counts/min'~· Activity of 
So ln. So ln. of U(VI) organic total 
phase org. phase 
1.0 9.0 0.10 359 6462 
1.5 8.5 0.15 578 9826 
. 2.0 8.o 0.20 759 12144 
2.5 7·5 0.25 868 13020 
3·0 7·0 0.30 992 13888 
3·33 6.66 0.33 1148 15291 
3·5 6.5 0.35 1171 15223 
4·0 6.0 0.40 1192 14304 
4·5 5·5 0.45 1221 13431 
5·0 5·0 0.50 1261 12610 
5·5 4·5 Oo55 1320 11880 
6.0 4.0 0.60 1347 10776 
* Background subtracted. 
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FIGURE""" 5· METHOD OF CONTINUOUS VARIATIONS 
APPLIED TO THE U {VI): TOPO SYSTEM· 
0 
0 
0 
LL. 
0 
oo 
C/) 
1-
z 
:::::> 14 
z 
. 
w 
C/) 
<( 
12 :I: 
a.. 
u 
z 
<( 
(!) 10 a:: 0 
0 
>-
1-
> 8 
1-
u 
<( 
<( 6 I :2 I : I :I: I :3 
a.. 
_J 
<( 
0 OL 0·2 0·3 0·4 0·5 0·6 
MOLE FRACTION OF U {VI) 
5· Effect of Variation of U(VI) Concentration. 
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The reaction between uranyl nitrate and TOPO can be written 
as 
the subscripts aq and org indicating the aqueous and organic 
phases respectively. After being reasonably sure about the 
ratio a:b = 1:2, (Sections B 1 and B 4l it remained to fix 
the value of 11 a 11 • It can be shown1 by a consideration of the 
extraction equilibrium2 that under conditions of constant 
excess of TOPO and keeping the aqueous nitric acid concen-
tration constant, 
Extraction coefficient of U(VI) 
E~ = constant X [U(VI)]a-l __ (1) 
for low U(VI) concentrations. 2 
'rhe results of experiments in which the nitric acid concentra-
tion in the aqueous phase was kept constant at 0.40 M and the 
U(VI) concentration was varied over a 22 fold range are sum-
marized in Table 6. The TOPO concentration was 0.1 J'l[. 1:1 
phase ratio was used. The extractions were done at room 
temperature (-25°C). 
1. Naito, K., Bull.Chem.Soc. Japan,J1,363(1960) 
2. K = l(U02 (N0 3 )2 )"- (TOPO)b J = E~ 
-------
[Na.d(uo++l Luo++la-l [TOPO]b luo++Ja-l LTOPO]b(.l\loi]""-
2 2 2 
Hence, for constant excess of TOPO equn. (1) follows. 
TABLE 6 
Extraction of U(VI) by TOPO. Effect of Variation of 
U(VI)aq Concentration. 
Concentration of U( VI) E~ for U( VI) 
1.82 X 10-4 M 310 
4•33 X 10-4 M 304 
. ~ 1 -4 9•3.- X 0 M 319 
2.06 X 1o•3 M 297 
4.07 X 10-3 M 303 
4o 
FIGURE 6· EXTRACTION OF U(VI) BY TOPO· PLOT OF U(VI) 
EXTRACTION CO E F Fl CIENT VS· AQUEOUS U(VI) 
· iOOO 1---
1-
z 
w 
u 
ii: 
LL.. 
w 
0 
u 
CON CENTRATIO(Il, 
--o 0 0-----
z 
0 
1-
~ 
a: 
I-
X 
w 
100 I 
AQUEOUS U(VI) CONC· 
-3 
I 0 M 
-2 
10 
-!:> 
The results show constancy of the extraction coeffi-
cients within experimental error. The extraction coeffi• 
cients are plotted against the U(VI) concentration in a log 
log plot (fig. 6). The slope of the line is essentially 
zero and hence it is safe to conclude that the value of ·~~· 
in equation (1) is unity. Thus the formula of the complex 
can be written tentatively as uo2 (N03 )2 (TOP0) 2 • 
Thermoctynamics of the Extraction Reactions: 
In order to get values of the stability constant and 
other thermodynamic characteristics of the uranyl nitrate 
0 TOPO and nitric acid : TOPO complexes at 25 C, temperature 
dependence of the extraction equilibria was studied. Work 
on the thermodynamics of the extraction of uranyl nitrate 
and nitric acid by phosphate and phosphonate esters has been 
reported b,y Siddall. 1 Essentially the same procedure as 
used therein was employed. 
6. Thermodynamics of the Extraction of Uranyl Nitrate: 
The conditions chosen for this experiment were as follows: 
The aqueous phase consisted of 3•142 X 10-4 M uranyl nitrate 
and 0.02308 M nitric acid. The organic phase was a 0.0250 M 
solution of TOPO in cyclohexane. TOPO was dried in a vacuum 
desiccator before weighing and the cyclohexane was saturated 
1. Siddall, T.H., J.Am.Chem.Soc.,81,4176(1959)• 
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with distilled water. The water used for making the aqueous 
phase was similarly presaturated with cyclohexane. 10 ml of each 
of the aqueous and organic solutions were placed in a 35 ml 
stoppered centrifuge tube and the tube was i~~ersed in a 
constant temperature bath to attain the desired temperature, 
After 10 minutes, the tube was shaken for 15-20 seconds and 
was again immersed in the bath. This process of shaking was 
repeated every three minutes over a period of fifteen minutes. 
After that, the contents of the centrifuge tube were quickly 
transferred to a separatory funnel (brought to the tempera-
ture of the bath by partial immersion) and the two layers 
were separated. The individual layers were sometimes centri-
fuged to ensure clean separation, after which they were kept 
in stoppered flasks to attain the temperature of the room. 
0 The equilibration study was done over the range 10 to 50 c. 
After attaining the room temperature, 5 ml of the 
aqueous phase was titrated with 0.008301 N sodium hydroxide 
using phenolphthalein indicator. The titration was performed 
in a nitrogen atmosphere, the solution being stirred with a 
magnetic •lapin bar". 
In order to determine the extraction coefficients, 0,5 ml 
of aqueous phase and an equal volume of the organic phase 
(the latter after fivefold dilution) were analyzed for 
uranium by alpha counting. 
Thus the extraction coefficients of uranium could be 
calculated. From a knowledge of the nitric acid content 
of the aqueous phase and the alpha activity of the two 
phases, the equilibrium ''quotients 11 were calculated as 
follows. It must be emphasized that these are not claimed 
to be the thermodynamic constants because the activity ef-
fects are not considered. 
UO++ + 2 N0
3
- + 2 TOPO ¢ 2aq aq org 
= 
(UO++ ] (No- ]:.l[TOP0) 2 
2 aq . 3 aq org 
---------------------
(TOP0] 2 
org 
where (TOP0] 0 rg represents the concentration of un-
complexed TOPO in the organic phase. 
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The quantities lNo3-J and LTOP0] 0 were calculated as follows: aq rg 
(No3- j aq = 
(TOP0) 0 rg 
Aqueous phase Nitric acid molarity 
+ 2 x (aqueous phase uranium molarity) 
= 0.0250 (i.e. the original TOPO molarity) 
- 2 x (complexed uranium molarity) 
- complexed nitric acid molarity. 
Knowing the original U molarity and the corresponding 
aq 
number of alpha counts, the aqueous phase U molarity could 
be calculated by alpha counting. Similarly the molarity of 
complexed uranium in the organic phase was known by alpha 
counting of the organic phase. The assumption in the 
above calculation is that a 1:2:2 complex of U(VI) : 
Nitrate : TOPO is formed and that a l:l complex is formed 
with nitric acid. This is reasonable in view of the ex-
perimental evidence (Sections B 1, B 4, B 5 and B J), 
The results are summarized in Table 7• The logarithm 
of Kequil is plotted as a function of reciprocal temperature 
in fig. 7• 
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TABLE 7 - 1 
Original U(VI)aqmolarity: 3.142 X 10-~ M: ~015 counts/min 
per 0.5 m1 
Original Nitric acid molarity 0.02308 M 
* * Temperature Cts/min aq Cts/min for 5-fold Extraction 
0 c diluted org. phase coefficient 
. 9·35 32-9 760 115 
13.65 35ol 7~8 106 
18.57 ~0.1 789 98.0 
25.00 ~8-4 737 76.0 
29o98 62.~ 727 58.2 
35.01 80.2 770 ~7·9 
39·95 83.6 762 ~5·5 
44·95 90o7 758 ~1.7 
~9.95 107.7 738 3~.2 
TABLE 7 
- 2 
Temperature Temperature 1/T Hlf03aqmolari ty Kequil 
0 c 0 K 
9·35 282.51 0.003539 0.02223 ~.19 X 108 
13.65 286.81 0.003~86 0.02229 3.81 " 
18.57 29lo73 0.003~28 0.02233 3·52 " 
25.00 298.16 0.0033~ 0.02~5 2.65 " 
29.98 303.~ 0.003299 0.02244 2.0~ " 
35oOl 308.17 0.003~5 0.0225~ 1.65 II 
39·95 313.11 0.00319~ 0.02253 1._57 II 
44·95 318.11 0.003144 0.02250 1.~s " 
~9·95 323.11 0.003095 0.02~1 1.20 II 
* Average value • Background subt rae ted. 
FIGURE 7. 
5 EXTRACTION OF U (VI) BY TOPO. 
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The slope d log 
squares trea tment1 = 
K I d eq (1/T), calculated by least 
1224-4 
Again, d log Ke/d (1/T) = - AH/ 2.30258 X R 
Assuming the constancy of AH over the temperature range 
used, 
LIH = - 2-303 X 1224.4 =- 5600 cals, 
At 25°C, AF = - RT ln K 1.986 X 298.16 X 2, 303 
- - llo5 Kcal 
And using the relation LlF "'.1H T. AS , 
~S at 25°C = + 19.7 entropy units•. 
It must be emphasized that due to the nature of approxi-
rna tions involved, these values of t.H, llF and LIS are not 
"thermodynamic" values. They are approximate and are useful 
for comparison, as will be discussed later. 
~ Thermodynamics of the Extraction of Nitric Acid. 
The temperature dependence of the extraction of nitric 
acid was studied • The aqueous phase was 0.007533 M with 
respect to nitric acid and 0.6000 M with respect to sodium 
nitrate. The organic phase was a 0.0400 M solution of TOPO 
in cyclohexane. The equilibrations were carried out at 
temperatures between 10 and 50°C by mixing 15 ml of each 
phase in a 35 ml stoppered centrifuge tube, The method 
1, Youden, W.J., "Statistical Methods for Chemists", 
J, Wiley and Sons, Inc. (1951), P• 42. 
of equilibration and subsequent separation of the phases 
was similar to the one described under the preceding section 
(Section B 6) for uranyl nitrate extraction. After attain-
ment of room temperature, 12 ml of the aqueous phase was 
titrated with 0.007565 N sodium hydroxide solution with 
phenolphthalein indicator, The titrations were done in a 
nitrogen atmosphere, using a magnetic "spin bar" to stir 
the solution. 
Knowing the nitric acid concentration of the aqueous 
phase before and after extraction, the nitric acid extracted 
into the organic phase was computed by difference. Thus 
enough data were available to calculate the extraction 
ratios of nitric acid. 
Calculation of equilibrium constants. 
The extraction of nitric acid can be represented by the 
equation 
+ Haq + N03- aq + TOPO ;= org 
And, Kequil 
= [HNOJ : TOPO]org 
[H+]aq [NOj)aq [TOPO]org 
= 
----------------
[NO J~)aq l TOPO] org 
49 
Now, [ TOPO) = 
org 0.0400 - nitric acid molarity of the 
organic phese. 
50 
and, [No
3
-J 
aq = 0.6000 (corresponding to the sodium nitrate 
molarity) + nitric acid molarity of the 
aqueous phese. 
A summary of the results is presented in Table 8. The 
logarithm of K il is plotted against the reciprocal of equ 
absulute temperature in fig. 8. 
Calculation of the thermodynamic quantities. 
The slope d log K/ d(l/T) was calculated by least squares 
treatment of the data in Table 8. 
Slope = 8.6345 X 102 
Hence, AH - 2.)03 X Slope = - 3·9 Kcal, 
assuming the constancy of DB over the 
temperature range used. 
R T ln K =-1.98E. X 298.16 X 2.303 
=-1.3 Kcal 
Hence, using the relation AF = AH - T. AS, 
AS at 25°C = -8.8 entropy units. 
The significance of these results will be discussed in 
the next chapter. 
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TABlE 8 
Temperature Dependence of the Extraction of Nitric Acid by TOPO 
* 0 c 0 K Temperature Temperature 1/T X 103 Kequil 
10.10 283.26 3·5303 14.189 
15.00 288.16 3·4703 lla579 
19.50 292.66 3 ·4169 10.486 
25.00 298.16 3·3539 9-365 
29.95 303.ll 3·2991 8.963 
35.00 308.16 3·2450 7·677 
39·95 313.ll. 3·1937 6.779 
45.00 318.16 3·143 6.537 
so.oo 323.16 3·0944 5·592 
55.00 328.16 3·0472 4·999 
* Temperatures read to tenth of a degree and estimated to 
sma 1ler fractions • 
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c. Extraction Studies using TEHPO. 
The experiments using TEHPO were done along similar 
lines to those with TOPO. As described in Section A 5, 
Chapter II, two samples of TEHPO were obtained, one of them 
(designated as TEHPO-S 1) contained an appreciable amount 
of acidic impurity. The acidic impurity was removed (see 
Section A ~) to give another sample of TEHPO (designated 
as TEHPO-S 2). Both these samples were used in the experi-
menta described below. The difference in the behavior of 
the two samples as extractants for U(VI) indicates that 
the removal of the acidic impurity led to a decrease in the 
extraction power of the reagent. 
1. Continuous Variations Method Applied to the U(VI):TEHPO 
System. 
TEHPO-S 1 was used to prepare a 5.022 X 10-3 M solution. 
The theoretical molecular weight 386.7 was used in calcula-
ting the amount of TEHPO to be dissolved in a particular 
volume of the solution in cyclohexane. The aqueous phase 
was 5.022 X 10-3 M with respect to uranyl nitrate, 0.01397 M 
with respect to nitric acid and approximately O.J5 i'1 with 
respect to sodium nitrate (for salting-out purposes). Ex-
tractions were carried out at room temperature by mixing 
different amounts of the two phases, keeping the total volume 
at 10 ml. After separating the phases, 0.5 ml of the orga-
53 
nic'phase was analyzed by alpha counting. The results 
are summarized in Table 9. 
The mole fraction of U(VI) is plotted against the 
54 
alpha activity of the organic phase in fig. 9. A maximum 
corresponding to the mole fraction O.JJ for uranium is obvious. 
55 
TABLE 9 
Ml of U(VI) Soln. Ml of TEHPO Mole fraction Counts/min Activity 
solution of U(VI) organic of Total 
phase organic 
phase 
1.0 9o0 0.10 264 4752 
1.5 8.5 0.15 332 5644 
2.0 8.0 0.20 396 6336 
2.5 7·5 0.25 428 6420 
3·0 7o0 0.30 462 6468 
3·33 6.66 Oo33 508 6766 
4·0 6.0 o.4o 520 6240 
4·5 5·5 o.45 524 5764 
5·0 5·0 o.5o 544 5440 
5·5 4·5 Oo55 546 4914 
6.0 4·0 o.6o 558 4464 
7·0 3•0 0.70 600 3600 
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2. Effect of Variation of U(VI) Concentration. 
a 
The effect of varying 
extraction coefficient of 
the U(VI) concentration on the 
aq 
U by TEHPO (S 1) was investigated 
in the same way as described for extraction with TOPO 
(Section B 5). The concentration of nitric acid in the 
aqueous phase was kept constant at 0.40 M. The concentra-
tion of U(VI) was varied over a 22-fold range. The organic 
phase was a 0.10 !>1 solution of TEHPO in cyclohexane. Con-
sidering that the concentration of U(VI) was in the range 
aq 
1.8 X 10-4 - 4 X 10-3 M, this represents a large excess of 
the extractant. The extraction coefficients were calculated 
after alpha counting of both the phases. The results are 
57 
summarized in Table 10. The logarithm of the uranium extract-
ion coefficient is plotted against the U(VI) concentration 
aq 
in fig. 10. The results show a fair degree of constancy of 
the extraction coefficients. This seems to indicate, as in 
Section B 5, that one unit uo2 is present per molecule of 
the extracted species. 
3· Solvation Number of Uranyl Nitrate by TEHPO. (S 2). 
The theory of this experiment is the same as that indi-
cated in Section B 1 for the uranyl nitrate-TOPO complex. 
It can be shown as there that under constant aqueous phase 
conditions, 
The extraction coefficient oC (TEHPO)b, where 
''b" is the solvation number. 
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TABLE 10 
Variation of Uranium Extraction Coefficient with U(VI)aq 
Concentration. 
phase ratio 1:1 
U(VI)aq concentration 
1.83 X 10-4. M 
4..33 X 10-4. M 
9·3.5 X 10-4. M 
2.06 X 10-3 M 
l.j..07 X 10-3 M 
Room temperature 
Extraction coefficient [Uorg)/[Uaql 
1)6.8 
13.5 ·5 
120.$ 
109.7 
129 ·3 
FIGURE 10· EXTRACTION OF URANIUM{VI) BY TEHPO • PLOT OF 
EXTRACTION COEFFICIENT VS· AQUEOUS U (VI) CONCENTRATION· 
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The aqueous phase was a solution of uranyl nitrate, 
3,142 X 10-4M with respect to U(VI) and approximately 
0.023 M with respect to nitric acid. The organic phase 
consisted of solutions of TEHPO (S 2) in cyclohexane from 
0,06 M to 0.01 M, The extractions were carried out by 
mixing 5 ml of each of the two phases. After separation 
of the phases, the two phases were analyzed for U by alpha 
counting. The results are summarized in Table 11. The 
rather small values of the extraction coefficients are 
noteworthy, especially in comparison to the comparatively 
large extraction coefficients observed with TEHPO (S 1) 
extractions (see Table 10), though part of the difference 
can be ascribed to the different amounts of HN03 • The 
inference seems to be obvious. As the product S 2 was 
obtained from S 1 by removing the acid impurity from the 
latter, it is clear that the better extracting properties 
of the product S 1 can be ascribed to the acidic impurity. 
Unfortunately, t.he exact nature of the impurity was not 
clear. 
The logarithm of the extraction coefficient as a funct-
ion of the logarithm of the TEHPO concentration is shown 
in fig. 11. The slope of the line calculated by least 
squares method is 2.1. This substantiates a 1:2 stoichio-
metry for the uranyl nitrate : TEHPO complex. 
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TABLE 11 
Solvation Number of Uranyl Nitrate by TEHPO 
Aqueous phase: 3•142 X 10-4M solution of uranyl nitrate, 
0.023 M with respect to nitric acid. 
Organic phase: Solution of TEHPO in cyclohexane. TEHPO(S 2) 
used. 
Concentration of TEHPO so ln. [Uorg)/[Uaq] 
0.06 M 7.12 
0.045 Jvl 3·96 
0.03 M 1.64 
0.02 M 0.896 
0.01 M 0.153 
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4. Thermodynamics of the Extraction of Uranyl Nitrate. 
To get values of the stability and other thermodynamic 
characteristics of the uranyl nitrate - TEHPO complex, the 
temperature dependence of this extraction equilibrium was 
studied. An aqueous solution which was 3.142 X 10-l.J M with 
respect to U(VI) and 0.02308 N with respect to nitric acid 
(the same solution as used in Section B 6 for the extraction 
with TOPO) was used. The TEHPO solution was prepared by 
dissolving 0.5265 gm of TEHPO (S 2) in 50 ml vollli~e in 
cyclohexane saturated with distilled water. On the basis 
of 386.6 as the molecular weight of TEHPO, the molarity of 
this solution was calculated as 0.02723. 
For equilibration, 5 ml of each of the two phases were 
mixed in a centrifuge tube. The centrifuge tube was im-
mersed in a constant temperature bath and the equilibration 
and subsequent separation were carried out exactly as out-
lined under Section B 6. After attainment of room tempera-
ture, a 3 ml aliquot of the aqueous phase was titrated with 
0.008516 N sodium hydroxide. Thus the nitric acid content 
of the aqueous phase was determined. Knowing the original 
nitric acid content of the aqueous phase, the nitric acid 
extracted into the organic phase was calculated. 
To find the extraction coefficients of uranyl nitrate, 
a 0.25 ml aliquot of the aqueous phase was evaporated on a 
planchet and alpha counted. The organic phase was diluted 
fivefold and a similar aliquot of the diluted solution was 
deposited on another planchet and was alpha counted after 
burning off the organic matter. 
All the data was thus available for the calculation of 
the equilibrium quotients. These values were calculated 
exactly as outlined in Section B 6. A summary of the re-
sults of this experiment is given in Table 12. The plot 
of logarithm of the equilibrium "constant11 as a function of 
reciprocal temperature is shown in fig. 12. The slope of 
this line as calculated by the least squares treatment was 
found to be 2172. 
Now, d ln K/d(l/T) = - LIH/R 
Hence, hH = - 2._303' X 1.986 X 2172 = - 9.9 Kcal 
At 25°C, LIF = - RT ln K = - 1.986 X 298.16 X 2._303 X 
6.51228 = - 8.9 Keel 
and hence, LIS at 25°C =- 3·5 entropy units. 
TABLE 12 
Temperature Dependence of the Extraction of Uranyl 
Nitrate by TEErPO. 
Temp. oc Temp. °K 1/T X 103 U /U org aq Kequil 
10.20 283 ·36 3·529 4--74 1.29 X 107 
14.60 287-76 3-475 2.08 5.60 X 106 
19.00 292.16 3-423 1.49 4.02 X 106 
25.00 298.16 3·354 1.23 3•25 X 106 
30.00 303.16 3o298 0.947 2.49 X 106 
36.00 309.16 3·234 Oo733 1.87 X 106 
4o.oo 31).16 3·193 0.807 2.09 X 106 . 
45-00 318.16 3·143 0.568 1.4.5 X 10 6 
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5. Thermodynamics of the Extraction of Nitric Acid. 
This experiment was designed along the same line as 
experiment B 7. The method of calculating the equilibrium 
constants and the various thermodynamic quantities is ex-
actly similar to the one described therein and hence will 
not be repeated here. 
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The aqueous phase was 0.5798 M with respect to sodium 
nitrate (salting-out agent) and 0.02057 M with respect to 
nitric acid - as determined by titration with a sodium hydro-
xide solution. The organic phase was a 0.02982 M solution 
of TEHPO (S 2) in cyclohexane. The equilibrations were car-
o 
ried out at temperatures ranging between 9 - 50 C by mixing 
5 ml of each phase. After separation of the phases and 
attainment by them of room temperature, 3 ml of the aqueous 
phase was titrated with a 0.008769 N sodium hydroxide so-
lution, From this data, the equilibrium quotients for the 
extraction reaction were calculated as outlined in Section 
B 7• 
The results are summarized in Table 13. The slope of 
the line, i.e. d log K/d(l/T), calculated by least squares 
treatment, is - 118. 
Hence, LIH = 543 cal 
LiF =-R T ln K = - 1.986; X 298.16 X 2..303 X 
0.1944 = - 265 cal, at 25°C 
And using the relation, LIF = L.H - T. LlS 
~S = 2.7 entropy units. 
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TABLE 13 
Temperature Dependence of the Extraction of Nitric Acid 
by TEHPO. 
Temp. oc Temp. °K 1Jr X 103 HN03orgiHN03aq Kequil 
9.6 282.76 3·536 2.747 x 1o·2 1.56.5 
15.0.5 288.21 3·469 2.747 x 1o·2 1.565 
19'.0 292.16 3.4-22 1.731 X 10•2 0.979 
25.0 298.16 3·353 2.747 X 10-2 1.565 
30.0 303.16 3.298 3.941 X 10-2 2.263 
34·9 )08.06 3·246 4.416 X 10-2 2.544 
40.0 
.., 
313.16 3·193 2.593 X 10-' 1.47~ 
44·7 317.66 3·146 2.287 X 10-2 1.296 
50.1 323.26 )o093 2.747 X 10-2 1.565 
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D. Non-Extraction Studies using TOPO. 
1. Precipitation of the Uranyl Nitrate- TOPO Complex. 
In a qualitative study, it was observed that on adding 
water to an ethanolic solution containing uranyl nitrate and 
TOPO, contrary to expectation based on the known solubilities 
of TOPO (sparingly soluble in water) and uranyl nitrate (soluble 
in water), a yellow viscous mass was precipitated. To confirm 
the quantitative relationship between the amounts of uranyl 
nitrate and TOPO reacting to form the precipitate, a weighed 
amount of TOPO and a known excess of uranyl nitrate were dis-
solved in a minimum amount of ethanol. On diluting the ethanol 
solution (from 5 ml to about JO ml or more) with excess of 
water, the complex was precipitated. After centrifuging, the 
supernata:1t liquid was decanted off in a beaker. The precipi-
tate was washed with two or three small portions of water and 
the wash liquid was combined with the supernatant.~iquid. This 
solution was evaporated on·a hot plate to remove the ethanol. 
The contents of the beaker was treated with nitric acid to en-
sure that the uranium was in a U(VI) state. The uranium was 
1 
then analyzed by precipitating the same as the oxinate . The 
results showed that two moles of TOPO precipitated very nearly 
one mole of uranium. Thus in two typical experiments, 2 moles 
of TOPO were found to precipitate 0.97 and 1.02 moles of ura-
nium respectively. The results are sum~arized in Table 14• 
1. Vogel, A.I., 11 Textbook of Quantitative Inorganic Analysis 11 
Seconded. (1951), Longmans Green and Co., P• 4-70· 
TABlE J.4 
Precipitation of the Uranyl ·Nitrate- TOPO Complex, 
Wt. of TOPO 
0.2169 gm 
Wt. of uranyl 
nitrate 
0.8073 gm** 
Wt. of uranyl 
oxina te 
0,6102 gm 
0.6658 gm 
TOPO : U 
ratio fat> 
the complex 
2 : o.n 
Explanation of the Table: The first and the second column 
give the initial weights of TOPO and uranyl nitrate respec-
tively, dissolved in ethanol. The third column gives the 
weight or uranyl oxinate, uo2{c9H60N)2 {C9H70N), obtained 
from the uranium in the supernatant. liquid (i.e., unpre-
cipitated uranium). 
* A separate experiment showed that 238 gm of U were 
contained in 486.1 gm of the uranyl nitrate sample. 
** 238 gm of U were contained in 497.5 gm of this uranyl 
·nitrate sample. 
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2. Preparation of the Uranyl Nitrate : TOPO Complex. 
After establishing the 1:2 stoichiometry of this complex 
by extraction (Section B) and precipitation experiments (Sect-
ion D l), the complex was prepared by dissolving uranyl ni-
trate and TOPO in ethanol so as to correspond to a mole ratio 
1:2. Because of the uncertainty in the state of hydration of 
uranyl nitrate, a solution of uranyl nitrate in ethanol was 
prepared and standardized by determining uranium by precipi-
1 tation as the oxina'te.. A calculated amount of TOPO (dried 
over anhydrous calcium sulfate in a vaccum desiccator) was 
then weighed and added to a known volume of the ethanolic 
solution of uranyl nitrate. After mixing, the ethanol was 
allowed to evaporate at room temperature. The resulting 
yellow viscous mass was dried in a vacuum desiccator. The 
infrared spectrum of this product was compared with the 
spectrum of the product obtained by precipitation (Section 
D 1). The twc spectra were found to be identical. 
A more detailed discussion of the spectra will be presented 
in a later section. 
Due to the nature or the complex (thick, viscous and 
sticking to the container), and the consequent difficulty 
of storing, it was prepared fresh in the approximate amount 
required just before use. 
1. Vogel, A.I., "Textbook of Quantitative Inorganic Anal;rsis 11 
Second ed. (1951), Longmans Green and Co., p. 4-70 • 
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For the experiments that follow, the complex was prepared 
by the method outlined above unless otherwise indicated. 
3· Molecular Weight of the Uranyl Nitrate : TOPO Complex. 
The molecular weight measurements were made on the com-
plex using the two solvents, benzene and cyclohexane. Rea-
gent grade benzene and spectrograde cyclohexane respectively 
were used after drying over metallic sodium. A Bec~nFree­
zing Point Apparatus 1 with a pyrex glass stirrer was used. 
In a typical experiment, the freezing point of the pure sol-
vent was determined on the Beckmannthermometer using crushed 
ice as the freezing ''mixture". As the freezing points of 
benzene and cyclohexane are 5·51°C and 6.5°C respectively, 2 
ice was the most obvious choice for the freezing "mixture". 
Then a known amount of the complex was dissolved in 25 ml 
of the solvent and the freezing point of the solution was 
measured. Using the literature values of the molal free-
zing point constants,3 the molecular weight values were 
calculated using the relationship: 
1000 X Weight of the complex X molal freezing point 
M = constant 
ATf X Weight of the solvent 
Where, ATf represents the lowering of freezing point caused 
by the solute. 
1. 
2. 
3· 
Livingston, Robert, "Physico Chemical Experiments", 
3rd ed. (1957), The Macmillan co., New York, p.l07• 
"Handbook of Chemistry and Physics", publ. by The Chemical 
Rubber Publishing Co.,Cleveland, 42nd ed. (1960), 
PP• b28,942. 
Glasstone, s., "Textbook of Physical Chemistry", D.Van Nostrand 
Co., Inc., New York, 2nd ed.(l946), p.646· 
The results of some of the experiments are summarized 
in Table 15. Sample calculations are presented in the 
Appendix. 
A look at the results shows that the molecular weights 
are high and low in the two solvents cyclohexane and benzene 
respectively. The calculated molecular weight for the 
species uo2 (N03 )2 (TOP0)2 (presence of water was ruled out 
on the basis of infrared spectra), is 1167. Phillips and 
Tyree 1 have observed low results for some arsine oxide 
complexes in nitrobenzene. They explain this as being 
probably due to the displacement of some of the ligands 
by the solvent molecules. A similar explanation might 
hold in case of the low results obtained in case of benzene 
as solvent. In case of cyclohexane as solvent, association 
of the complex may be taking place, explaining the high 
results. 
1. Phillips, D.J. and Tyree, S.Y., 
J. Am. Chern. Soc.,~,l806(1961). 
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TABLE 15 
Molecular Weight of Uranyl Nitrate- TOPO Complex. 
Concentration Solvent Molecular Weight 
of the Complex 
o.o438 m cyclohexane 1396 
0.0481 m benzene 1042 
0.0338 m cyclohexane 1350 
0.0455 m benzene 1024 
4. Spectral Studies 
* a. Infrared spectra 
The infrared spectrum of the uranyl nitrate- TOPO com-
plex was recorded in the region 5000 - 700 cm- 1, using 
sodium chloride plates, on a Perkin-Elmer Model 21 Infrared 
Spectrophotometer. This spectrum was compared with the 
spectrum of the complex obtained by precipitation (Section 
D 1). The positions of the various absorption bands were 
identical, thus giving evidence of the identity of the pre-
cipitated product as the uo2 (N03 )2 : 2 TOPO species. The 
spectra of TOPO (solid film deposited from chloroform solu-
tion) and uranyl nitrate (Nujol mull) were also recorded. 
1 By reference to Bellamy's book, assignment of the peaks 
of main interest was relatively easy. After this work had 
been completed, a report appeared about the infrared 
spectra of various organophosphorus compounds used as ex-
tractants.2 The correspondence of the spectra of TOPO 
and TEHPO as reported therein with our spectra was quite 
good. 
The interest in the infrared spectra was for two rea-
sons. l''irstly, if the bonding to uranium was through the 
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1. Bellamy, L.J., "The Infrared Spectra of Complex Molecules 11 
2nd ed. (1958), John Wiley and Sons, Inc., New York• 
2. Horton, c.A. and White, J.C., Talanta, Vol.7, pp.215-231. 
(1961) 
* The infrared spectra are included in the Appendix. 
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oxygen atom of the phosporyl group of TOPO, a change in 
the P--0 absorption frequency would be expected as a result 
of complex formation. Secondly, the question of the pres-
ence or otherwise of water in the complex required an ans-
wer. A satisfactory explanation for both these seems to 
have been provided by the infrared spectra. Thus, specifical-
ly, the absorption band at about 1150 cm-l in the spectrum 
of TOPO was assigned to the P--0 absorption. This band oc-
curred at about 1146 cm-l in the spectrum of TOPO in a Nujol 
mull. In the spectrum of the uranyl nitrate-TOPO complex, 
-1 the P--0 band was assigned as occurring at about 1080 em • 
The shift of the P--0 absorption to lower frequency was also 
accompanied by a considerable broadening of the band. This 
shift of the P--0 frequency on complex formation is in 
agreement with the findings of Cotton and coworkers, with 
1 
other phosphine oxide systems. 
Concerning the question of the presence of water in the 
complex, no absorption was observed in the region J600 -
3000 cm-l which represents the 0-H stretching frequency 
region. There was also no absorption in the region around 
1620 cm-l as in the case of uranyl nitrate hexahydrate it-
self. 1 A band at 1550 em~ is to be expected in case of co-
2 
ordinated water ; no such band was observed. 
1. 
2. 
cotton, 
Cotton, 
F.A., Bernes, R.D. and Bannister, E., 
J. Chern. Soc., 2199(1960)· 
F.A., in 11 Modern Coordination Chemistry'', edited by 
Lewis, J. and Wilkins, R.G; Interscience Publi-
shers, Inc., New York(l960). 
b, Position of the Nitrate Groups. 
Another piece of useful information supplied by the 
infrared spectra wes concerning the bonding of the nitrate 
groups to the uranium atom, There were evidently two ex-
treme possibilities, viz. (i) an essentially "electrostatic" 
interaction and (ii) 11 co-ordinately11 bound nitrate groups, 
The vibrational spectrum of methyl nitrate which can be con-
77 
sidered as an example of a 
has been analyzed by Brand 
11 truly11 coordinately bound nitrate 
. 1 
and Cawthon. They reported the 
nitrate frequencies in methyl nitrate at 1672, 1287 (s) and 
4 -1 2 85 , 759, 578 em • Katzin has investigated the infrared 
spectra of several nitrate salts in tributyl phosphate so-
lution. The nitrate frequencies for the uranyl nitrate-
TBP complex reported by Katzin are: 
823, 1282, 1524, 1617, 1720 cm- 1 
On the basis of this background information together 
with the observation of Gatehouse et al3 that "strong ab-
sorption bands in the regions 1530- 1480 -1 and 1290- 1250 em 
in metal compounds containing an N03 group are indicative 
that the nitrate group is coordinated to the metal atom'', 
a close study was made of the spectra of uo2 (N03 )2 : 2 TOPO, 
1. 
2. 
3· 
Brand, J,C.D. and Cawthon, T.M., 
J, Am. Cham. Soc., ll.Jl9(1955) • 
Katzin, L.I., J. Inorg.Nucl.Chem.,~,245(1962)· 
Gatehouse, B.M., Livin~stone, S.E. and Nyholm, H.S,, 
J. Chern. Soc., 4-222(1957). 
uo2 (N03 )2 .6H20 and TOPO. The following absorption bands 
in the spectrum of uo2 (N03 )2 : 2 TOPO could be unmistak-
ably assigned to the nitrate groups:-
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1280 cm-1 (strong), 1510 cm-1 (strong) and 1718 cm- 1 (weak). 
This evidence indicates rather strongly that the nitrate 
groups are coordinated to the uranium atom in the uranyl 
nitrate-TOPO complex. 
c. Absorption Spectra in the Visible Region: 
The absorption spectra of a 0.05014 M aqueous uranyl 
nitrate (pH= 1.74) and a 0.0728 M solution of uranyl ni-
trate: TOPO complex in spectrograde cyclohexane were studied 
on a Beckman l'lodel DU spectrophotometer. One em matched 
silica cells with ground glass stoppers were used. The 
spectra are plotted in fig. 13. Additional peaks at 450~ 
and 436 mp respectively are discernible in the spectrum of 
the complex. The spectrum of the complex in benzene solu-
tion which was found to be similar to the one in cyclo-
hexane, is plotted in fig. 14· It is interesting to com-
pare these spectra with the spectra of the complex uo2 (No3 )2 
(TBP) 2 published recently.
1 Focussing attention on the 
cyclohexane solvent, the absorption maxima for the TBP 
complex are approximately at 452, 437, 428, 417, 406 and 
394 9f• In case of the TOPO complex the absorption maxima 
1. Libus•, z., J. Inorg. Nucl. Chem.,gk,619(1962), 
(.) 
z 
lil 
a:: 
0 
(J) 
lil 
0·9 
0·1 
350 
11-z 
400 
WAVELENGTH, "f 
79 
FIGURE 13. 
ABSORPTION SPECTRA· 
I· AQUEOUS URANYL 
NITRATE { 0•05014 M, 
pH= 1·7 ) · 
H· 0·0728 M URANYL 
NITRATE-TOPO COM-
PLEX IN CYCLDHEXAN 
Path length I CM· 
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FIGURE 14· 
ABSORPTION SPECTRUM 
CF URANYL NITRATE-
TOPO COMPLEX (0·073 
M) IN BENZENE SOLN· 
Path length I em 
450 
were observed at 450, 436, 425, 414, 403 and 392 m~ in the 
corresponding region. Thus the positions of the absorption 
bands of the two complexes are almost identical. However, 
one diff'erence must be made clear. The values of the molar 
absorptivity observed in case of the TOPO complex are ap-
preciably higher than those reported for the TBP complex 
by Libus' , 1 
16. It may 
The comparative values are presented in Table 
2 be noted that the values of molar absorptivity 
for the U(VI):TEHPO complex are very high at much lower 
wavelengths, a typical value being 2400 at 250 ~· Beer's 
law is followed by the solutions of the uranyl nitrate-TOPO 
complex in the two solvents, cyclohexane and benzene re-
spectively, within the concentration range studied (0,0728 M 
to 0.01 M) at the typical wavelengths 450, 436, 392 and 
382 mr in both solvents and also 368 and 358 ryu in case of 
benzene. The data for these experiments are summarized in 
Table 17. The results for the cyclohexane solvent are 
plotted in fig. 15. 
1. Libus', z., J, Inorg. Nucl. Chem.,~,619(1962)· 
2, Heyn, Arno H. A. and Banerjee, Gurupada. 
U, S, A. E. Q, Report NY0-7568(1959), 
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TABLE 16 
Approximate Values of Molar Absorptivity for the TOPO 
and TBP Complexes of Uranyl Nitrate. 
Wavelength, mp for TBP complex for TOPO complex 
452 3·1 
-'·-' 
437 6 10.3 
428 8.2 10 
417 9·5 11 
394 5 6._5 
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TABlE 17 
A. Absorbance of Solutions of uo2 (N03 )2 (TOP0)2 in Cyclohexane 
Solvent. 
Slit width: 0.0125 mm above 400 mf, 0.04 mm below 400 mf • 
Path length: 10 mm. 
Concentration Absorbance 
450 mr 436 mr 392 mr 382 mr 
0.0728 M 0.420 0.760 0.500 0.325 
0.0553 It 0.322 Oo575 0.385 0.250 
o.o4 " Oo233 0.413 0.282 0.183 
o.o2 II 0.112 0.202 0.137 0.088 
0.01 " 0.057 0.101 0.072 0.048 
B. Absorbance of Solutions of uo2 (N03 )2 (TOP0)2 in Benzene 
Solvent. 
Slit width and path length same as in A above. 
Concentration Absorbance 
450 mr 436 mr 392 mr 382 mr 368 mr 358 mr 
0.0728 M 0.457 o.855 0.500 0.308 0.321 o.4Zo 
0.0553 " Oo335 0.636 Oo372 0.225 0.233 0.309 
o.o4 " 0.238 0.452 0.262 0.154 0.162 0.217 
0.02 II 0.121 0.227 0.130 0.076 0.079 0.107 
o.o1 .. 0.062 0.116 o.o65 0.039 o.o4o 0.054 
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FIGURE 15, 
BEER'S LAW PLOTS OF SOLUTIONS 
OF URANYL NITRATE: TOPO COMPLEX 
IN CYCLOHEXANE· Path length I em· 
392m)l 
0·06 M 
CONCENTRATION 
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5. Lability of the Uranyl Nitrate- TOPO Complex. 
Though a high degree of stability is indicated for the 
complex by the value of the equilibrium constant for the 
extraction of uranyl nitrate by TOPO (Section B 6) - of the 
order of 108 within the temperature range 10 to 50°C - the 
complex was found to be "labile". When a cyclohexane solu-
tion of the complex containing natural uranium was shaken 
with an aqueous solution containing U - 233, an exchange of 
uranium was found to take place as observed by measurement 
of alpha activity of the aqueous and organic phases. 
Five ml of a cyclohexane solution of uranyl nitrate-
TOPO complex, approximately 0,01 M, was used. In order to 
ensure that no free TOPO was present, this solution was 
shaken with an aqueous solution containing natural uranium. 
After separation of phases, the organic phase was shaken 
for two minutes with an equal volume of aqueous uranyl 
nitrate solution, approximately 10-4 N in U(VI), contain-
ing U-233· An exchange of uranium between the aqueous 
phase uranium and the uranyl nitrate-TOPO complex is evi-
denced by the data in Table 18-A. 
That the rate of exchange was relatively 11 fast 11 was 
confirmed by another experiment using different shaking 
times. These results are summarized in Table 18-B. 
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TABI.E 18 
A. Lability of the Uranyl Nitrate- TOPO Complex. 
#alpha counts I 2 minutes, for 0.5 ml of each phase. 
Aqueous phase Organic phase 
Initially 7644 
After shaking 
for about 2 mins. 3220 4412 
Bo I alpha counts I 2 minutes, for 0.5 ml of each phase. 
Aqueous phase Organic phase 
Initially 7644 1212 
After shaking 
3430 4860 for 45 seconds. 
After shaking 
3434 4802 for 2.25 minutes. 
6. Dipole Moment of the Uranyl Nitrate: TOPO Complex 
The cyclohexane used in this work was spectrograde and 
was further purified by passing through a column of silica 
gel. The method of room temperature measurement was adopted 
as the emphasis was not so much on an exact value but rather 
the order of magnitude. In particular, the question to be 
answered was whether the dipole moment of the complex is 
vanishingly small or of an appreciable magnitude. 
In an attempt to answer this question, a series of 
11 dilute 11 solutions of the complex were made by dissolving 
a known weight of the complex (after drying in a vacuum 
desiccator) in cyclohexane and making up the volume to 25 ml 
in a volumetric flask. The density of each of these solu-
tions was carefully measured at room temperature by using a 
density bottle of 2.0215 ml capacity. The density of cycle-
hexane was also measured. By using dielectric constant 
meter, Model 3 A of Yellow Springs Instrument Co., the di-
electric constants of cyclohexane and the various solutions 
were determined. The refractive index of the complex was 
found to be 1.4799 at 25°C for sodium D line. 
The density of the complex was measured as follows: 
Due to the extremely viscous consistency of the material, 
it was difficult'to transfer and weigh a known volume of 
the same, because the material would stick to the pipet or 
the like. A 100 lambda pipet was weighed in a beaker. 
Then, by means of a syringe, the pipet was filled up to 
the mark with the viscous complex. After carefully wiping 
any material sticking to the tip of the pipet, the pipet 
was kept inside the beaker and the beaker with its contents 
was weighed. Admittedly, the density thus found would not 
be very accurate; but it was found to be reproducible. 
All the data were thus available and the dipole moment 
was calculated as follows: 1 
The molar polarizations are given by 
pO = 
1 
(for a pure solvent) 
wher~, D = dielectric constant 
M = molecular weight 
d = density 
_____ (1) 
'rhe subscript 1 is used to denote component 1, here used 
for cyclohexane. 
Also, 
.. 
1. Livingston, 
X ( 2) 
Robert, "Physico Chemical Experiments", 
3rd ed.{l957), The Macmillan Co., 
New York, PP• 94-96. 
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where, x1 and x2 are the mole fractions of the two 
components, cyclohexane ·and the complex respectively. 
The calculated molar polarizations are sum_tl!l rized, along 
with the data, in Table 19-A. 
Calculation of molar polarization values for the solute. 
From the values of P1 , 2 and the values of x 1 and x2 
listed in Table 19-A together with the value of molar 
polarization for the pure solvent, P~ and using the relation, 
= 
(for pure solute) 
P - x P0 1,2 1 1 
___ (J) 
the values of the molar polarization for the solute were 
calculated for the various solutions. 
The values of P2 as functions of x2 are plotted in fig. 16. 
The extrapolated value of P2 for x2 ~ 0 is found to be about 
1535· 
0 This is designated as P2 • 
Now, P~ = 2 I':_ 
3kT 
___ (4) 
where n2 is the refractive index of' the complex = 1.4799 
H2 = Molecular weight of the complex = 1167.5 
Density, d2 of 
2 Hence, n2 - 1 
2 ll~ + 2 
the complex = 1.215 gm/ml 
X = 273 
ThereforJ, tf = 0.0127 X l0-18 V (1535- 273) 298.16 
= 7.8 X 10-lb e.s.u. 
= 7.8 Debye units. 
1. Debye,F.,"Polar Molecules", Dover Publications Inc.(l929),page 42. 
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TABLE 19 
Dipole Moment of the Complex uo2(N03 )2 (TOP0) 2 • Solvent: 
Cyclohexane. 
A. Molar polarization of the solutions. 
Soln, no. xl x2 densitr diel. const. P1,2 
(solvent) (solute) (gm/ml 
1 0.9988 o.oon48 0.7719 2.050 28.68 
2 0.9976 0.002367 0.7763 2.086 29.69 
3 0.9960 0.003952 0.7826 2.136 31.04 
4 0.9936 o.oo6362 0.7910 2.142 31.74 
5 0.9920 0.007960 0.7965 2.214 33·56 
P1 • 27.13 (Molar polarization found for pure oyclohexane, 
by using equation ---(1).) 
B. values of P2 for the various solutions. 
x2 p2 
o.oo1l48 1379 
0.002367 1108 
0.003952 1015 
0.006362 751 
0.007960 834 
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FIGURE 16· 
MOLAR POLARIZATION VS· MOLE 
FRACTION FOR U~(N03l2: (TOPOl2 
. IN CYCLOHEXANE SOLUTION· 
ORDINATE : P2 IN UNITS OF 100 cc· 
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E. Non-Extraction Studies using TEHPO. 
1. Precipitation of the Uranyl Nitrate- TEHPO Complex, 
The precipitation of this complex was carried out ana-
logously to that of the TOPO complex as described under 
Section D 1. A known weight of TEHPO (S 1) and an excess 
of uranyl nitrate were dissolved in ethanol, The ethanol 
solution was diluted by adding excess of distilled water. 
After shaking followed by centrifugation, the yellow viscous 
complex settled down. The supernatant liquid was decanted 
92 
off into a beaker. The precipitated material was washed with 
two small portions of water and the wash liquid was combined 
with the supernatant liquid. This solution was carefully 
evaporated on a hot plate to remove the ethanol. The con~ 
tents of the beaker were treated with nitric acid to ensure 
the conversion of uranium to the U(VI) state. The uranium 
1 
was analyzed by precipitation of the oxinate. Knowing the 
original amount of uranium, the amount precipitated by TEHPO 
could be calculated. The results of this experiment indi-
cated that 773 grams of the phosphine oxide (corresponding 
theoretically to two moles of TEHPO) would precipitate about 
0.85 moles of uranium. However, remembering that a value 
of 395,7 was obtained for the cryoscopic molecular weight 
of TEHPO (S 1) (Section A 5), the results would seem to 
1. Vogel, A.I., ''Textbook of Quantitative Inorganic Analysis 11 , 
2nd ed.(l951), Longmans Green and Co., London, P•470. 
indicate that two moles of this batch of TEHPO will cause 
the precipitation of approximately 0.87 moles of u. This 
result is not quite a convincing proof for the expected 
stoichiometry of the TEHPO - uranyl complex. However, it 
certainly points to the expected 2 : 1 mole ratio. The 
results of the precipitation experiments are summarized 
in Table 20. 
2. Lability of the Uranyl Nitrate- TEHPO Complex. 
The uranyl nitrate- TEHPO complex precipitated accord-
ing to the preceding section was found tJ be ulabile". When 
a solution of the complex in cyclohexane was shaken with 
an aqueous solution containing U-2JJ, an exchange was found 
to occur as demonstrated by the increase in the alpha acti-
vity of the organic phase. To ensure that there was no 
free extractant, the cyclohexane solution of the complex 
was previously shaken with an aqueous solution containing 
natural uranium. The data in Table 21 indicate the exchange 
of uranium taking place between uranyl nitrate (aqueous 
phase) and the uranyl nitrate-TEHPO complex (organic phase). 
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TABLE 20 
Precipitation of the Uranyl Nitrate- TEHPO Complex. 
Wt. of TEHPO Wt. of uranyl Wt. of 4ranyl TEHPO: u** 
nitrate* oxinate ratio for 
the complex 
0.5516 gm 2-37 1 
0.3940 gm 2-35 : 1 
* Expressed as corresponding to uo2 (N03 )2 , 6 H20 
** Calculated on the basis of 386.5 as the molecular weight 
for the TEHPO used. Actually, the theoretical molecular 
weight (386.65) was lower than the experimental value 
(395-7) for the sample of TEHPO used here. 
TABLE 21 
Lability of the Uranyl Nitrate- TEHPO Complex. 
Originally 
After shaking 
for 45 seconds 
Alpha counts / 2 minutes at 1.2 kilovolts. 
Aqueous phase Organic phase 
3130 
2790 1116 
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3• Spectral Studies. Uranyl Nitrate - TEHPO Complex. 
a. Infrared Spectra 
For purposes of the infrared and the visible region 
spectra, the complex was prepared by precipitation tech-
nique. The batch S 2 which was very likely purer than the 
batch S 1, was used. After precipitating the complex from 
ethanol, as described in Section E l, the supernatant li-
quid was decanted off and the complex was washed with two 
small portions of water. It was then dissolved in a small 
volume of ethanol and after evaporation of the solvent at 
room temperature, the resulting product was dried over an-
hydrous calcium sulfate in a vacuum desiccator. 
The interest in the infrared spectrum of this compound 
was, as in the case of the TOPO complex, for several rea-
sons. The change in the P--0 absorption frequency on com-
plex formation, the position of nitrate groups (whether co-
ordinated to the U atom), and the presence or absence of 
water in the complex were the specific points of interest. 
The spectrum of the TEHPO was recorded between 4000 -
700 cm-l on Perkin Elmer Model 237 Infrared Spectrophoto-
meter, using sodium chloride plates for the sample. The 
P--0 frequency was observed at about 1158 -l em • In the 
spectrum of the complex, also recorded in the same manner, 
-1 the P--0 frequency occurred at about 1100 em • Tbe shift 
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to the lower frequency was again accompanied by broadening 
of the band as in the case of the TOPO complex (Section D 4l· 
No positive indication of the presence of water in the 
complex was obtained. Thus, there was no absorption at or 
around 1550 cm-l as expected for coordinated water. 1 No 
absorption bands were observed in the region )600 - 3000, 
which is the region of 0--H stretching vibration. 
b. Position of the Nitrate Groups 
As evidenced by the infrared spectra, there is reason 
to believe that the nitrate groups are coordinated to the 
central U atom. Thus the absorption bands at 1730 cm- 1, 
-1 -1 -1 1520 em , 1620 em and 1285 em were assigned as being 
most likely due to the N03 group. (Other possibilities 
were excluded by comparison of the spectrum of the complex 
with the spectra of the phosphine oxide and uranyl nitrate.) 
Recalling the evidence 2•? presented under Section D 4, 
and arguing in a similar fashion, it can be concluded that 
in all likeliness the nitrate groups are coordinately bound 
to the uranium atom. 
c. Absorption Spectrum in the Visible Region 
A spectrum of a dilute solution of the uranyl nitrate-
TEHPO complex was recorded in the region 350 - 500 ~, 
1. 
2. 
3· 
Cotton, F.A. in 11Modern Coordination Chemistry", edited 
by Lewis and Wilkins; Interscience Publishers, 
Inc., New York (1960), P• 376 • 
Katzin, L.I., J. Inorg. Nucl. Chem.,~,245(1962)• 
Gatehouse, B.M., Livingstone, S.E. and Nyholm, R.S., 
J. Chern. Soc., 4222 ( 1957) • 
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using Beckman Model DU spectrophotometer. No attempt 
was made to do a quantitative study. The spectrum show-
ing the absorption bands in this region is shown in fig. 
17. The absorption maxima occur at the wavelengths 360 ~· 370 ~· 
382 mp.. 395 mp.. 404 mp.. 414 mp.. 426 mp. 438 mp.. 45.5 ltlf· 
470 rap and 486 ~· It is interesting to recall th&t in 
case of the TOPO complex, the absorption bands occur at 
436 and 450 mp• (These absorption bands which correspond 
to the 438 and 455 mp. bands for the TEHPO complex do not 
occur in the spectrum of the aqueous uranyl nitrate.) 
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CHAPTER III 
Introduction 
So far as the uranyl nitrate : TOPO system is concerned, 
the extraction studies together with other supplementary 
experiments give rather definite information about the com-
position of the complex. It is also possible to draw soma 
conclusions concerning the bonding in the complex from the 
temperature dependent studies and the spectral investiga-
tions. 
It is intended to discuss these points in relation po 
the validity and adequacy of the data presented in Chapter 
II. This will be followed by a discussion on the nitric 
acid-TOPO complex. An attempt will then be made to draw 
some conclusions regarding the uranyl nitrate-TEHPO com-
plex, after which a comparison with the TOPO complex will 
be given. 
Because the TEHPO was not 100 per cent pure, it is not 
possible to draw rigorous or subtle conclusions about the 
TEHPO complex. However, it should be noted that in a work 
of this nature (viz. solvent extraction) we are interested 
in bulk effects and it is from this point of view that some 
conclusions will be attempted. 
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Finally, the conclusions which can be said to be definite 
will be set out in summarized form. 
A. Uranyl Nitrate-TOPO Species. 
The investigation of the variation of uranium extract-
ion coefficient with TOPO concentration (Chapter II, Section 
B 1) gave an experimental value of 2.2 for the solvation 
number of uranyl nitrate. This number is sufficiently near 
the integer 2 to allow us to conclude that two molecules of 
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TOPO are associated with one atom of uranium in the extracted 
species. The departure of the experimental value from 2 
could be due to the following reason. 
By using the relationship 
Extraction coefficient of U( VI) = K ( NOj )2 ( TOPO) b, 
where the quanti ties in brackets represent concentrations 
rather than activities, it is understood that the activity 
coefficients will be incorporated inK. The treatment is 
valid provided activity coefficients remain constant over 
the range of the experiments. Thus any departure of 11 b11 
from integral value could be due to non-constancy of the 
activity coefficients. 
The conclusion about a 1:2 stoichiometry for the uranyl 
nitrate-TOPO complex is supported by the "continuous varia-
tion" test (Chapter II, Section B 4 and fig. 5). The evi-
dence from this experiment is consistent with the formation 
of a 1:2 complex. In connection with fig. 5. it should be 
noted that the activity of the entire organic phase is plot-
ted as the ordinate. This is necessary in case of a two 
phase system, because the measured property of a fixed 
aliquot of the organic phase is not proportional to the 
concentration of the complex in the total volume of the 
system. 
The experiment performed to determine the number of 
uranium atoms per molecule of the extracted species (as-
suming that only one complex is formed), showed quite con-
vincingly that this number is unity. (Chapter II, Section 
B 5) 
The results of precipitation of the uranyl nitrate-TOPO 
complex corresponding to a 1:2 mole ratio (Chapter II, 
Section D l) are also convincing in their own. The preci-
pitation can be interpreted as an extraction by solid TOPO 
of uranyl nitrate. In other words, the solvation of uranyl 
nitrate by TOPO takes place in preference to the solvation 
by water. 
The requirement of (i) formation of uncharged species 
which is extractable or, (ii) electroneutral species which 
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can be precipitated, leads to the conclusion that two nega-
tive singly charged groups (most likely the nitrate groups) 
++ 
should accompany each uo2 ion. The expectation is supported 
by the evidence concerning the infrared spectral identity of 
the precipitated product with a product prepared by mixing 
uranyl nitrate and TOPO in a 1:2 mole ratio in ethanol 
solution followed by evaporation of the solvent. 
The observed salting-out effect of nitric acid on the 
extraction or uranium (Table 2) is in accord with expecta-
tion. The salting-out effect is explained as being at least 
1 partly due to the common ion effect, the common ion here 
being the nitrate ion. However, it is apparent from Table 2 
that the magnitude of the salting-out effect falls short 
of the expected second power dependence of the extraction 
ratios on the nitrate ion concentration. It must be noted 
in this connection that Naito2 has observed a salting-out 
effect of nitric acid in the TBP extraction of uranyl ni-
trate which follows the expected 11 square law11 up to a 
certain nitric acid concentration. The studies on the tem-
perature dependence of extraction equilibrium of uranyl 
nitrate (Chapter II, Section B 6) give the enthalpy and 
entropy changes accompanying the formation of the result-
ing complex as compared to some phosphate and phosphonate 
complexes.3 Though the temperature dependence of equili-
brium constants has been used to evaluate the quantities 
AH and AS, such studies are normally restricted to cases 
where the formation of the complex takes place in a single 
phase. Thus, the application of this method to a two 
phase system is somewhat unusual. 
1. Morrison, G.H. and Fraiser, H. 11 Solvent Extraction in 
Analytical Chem1stry11 , J. Wiley and Sons, Inc. 
(19.57 ), P·4.5• 
2. Naito, K., Bull. Chern. Soc. Japan,J1,363(1960). 
3· Siddall, T.H., J. Am. Chern. Soc.,81,4176(1959). 
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Secondly, in the present case, activity effects were 
not considered. Thus the ''constants" reported towards the 
end of Section B 6 are not thermodynamic constants, but 
rather practical or concentration constants. Their value 
lies in a comparison with the values reported by Siddallf 
In the following table are summarized the values of the 
quantities obtained for TOPO and TEHPO extraction of ura-
nyl nitrate, together with the values obtained by Siddall 
for some phosphate and phosphonate esters. All values 
refer to 25°C. 
Extractant AF LI.H .::1.S 
kcal kcal e.units 
TOPO -11.5 -5.6 +19·7 
TEHPO -8.9 -9.9 
-3·5 
* 
TBP -1.84 -6.3 
-14-4 
Tri-n hexyl 
-2.01 -6.5 -15.1 phosphate 
Di-n butyl 
-4.0 n-butyl -?.6 -12.2 
phosphona te 
1. Siddall, T.H., J. Am. Chern, Soc.,81,4176(1959)· 
* This and the following compounds reported by Siddall. 
Taken from Ref. 1 above. 
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If AF is considered as a measure of stability of a complex, 
it is clear from the above table that the s ta bili ties of 
the respective uranyl nitrate complexes increase in the 
following order of the 11 ligands 11 • 
Phosphate < Phosphonate < Phosphine oxide 
Between the two phosphine oxides, TOPO is a better extract-
ant than TEHPO, 
Concerning the enthalpy changes, the difrerence in the 
~H values in case of TEHPO and TOPO is interesting. The 
larger (negative) value of 4H in case of TEHPO means a 
stronger oxygen to uranium bond for the TEHPO complex, 
Thus, though the extraction equilibrium is not as favor-
able for the TEHPO extractant as for TOPO, yet the bond 
formed in the former case is a stronger one, assuming the 
ligand-solvent interaction to be similar for both. 
The differences in the 4S values are rather difficult 
to explain. Especially interesting is the somewhat large 
difference between TEHPO and TOPO extractants. The smaller 
(and negative) value of AS in case of TEHPO may be due to 
a more compact structure of the uranyl nitrate- TEHPO com-
plex as compared to the uranyl nitrate- TOPO complex. 
Perhaps, in the uranyl-TOPO complex, there is more freedom 
for the ligands, which may account for the high value of ~S. 
The conclusions of the infrared spectral study have al-
ready been discuseed fully in the experimental section 
(Section D 4, Chapter II) and hence will be only briefly 
recapitulated here. These studies showed that: 
(1) The uranyl nitrate- TOPO complex does not contain 
water. Due to the high molecular weight of the species, 
it would have been difficult to ascertain the presence of a 
small amount of water by analytical means. 
-1 (2) The P--0 frequency in TOPO shifts by about 70 em on 
complex formation. The "shift" is accompanied by broaden-
ing of the band. 
(3) Rather conclusive evidence was obtained that the 
nitrate groups are coordinated to the uranium atom in the 
complex. 
As concerns the spectral studies in the visible region, 
it is clear from fig. 13 that the absorption bands near 
450 and 436 mp are due to the complex uo2 (N03 )2 (TOP0)2 • 
The molar absorptivity values at these wavelengths are 
approximately 5.6 and 10.3 respectively. A rough calcu-
1 lation for the "oscillator strength'' in case of the 436 !Of 
band showed that this corresponds to a "spin allowed" 
transition. (See appendix) 
The molecular weight studies (Chapter II, Section D 3) 
indicated that some sort of association of the complex 
could be taking place in cyclohexane solution thus giving 
high results in this solvent. The low values obtained in 
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1. Lewis and Wilkins, "l'Iodern Coordination Chemistry", 
Interscience Publishers Inc., New York,(l960),p.277-80• 
benzene as the solvent could be due to the displacement 
of some of the ligands by benzene molecules. This explana~ 
l tion has been offered by Phillips and Tyree for the case 
of some arsine oxide complexes in nitrobenzene solvent. 
The observed "lability'' of the uranyl nitrate- TOPO 
complex is in agreement with expectation. 2 
The results of the dipole moment measurement are un-
expected. The experimental value 7.8 D indicates an un-
symmetrical structure for the complex. This contrasts with 
the symme tr leal s true ture rep or ted for the analogous 
uo2 (no3 )2 (Tri ethyl phosphate)2 by Fleming and Lynton.3 
This structure was arrived at on the basis of X-ray 
structure determination. Evidently, such a study for the 
uranyl nitrate- TOPO complex is desirable. 
B. Nitric Acid-TOPO Species. 
The extraction of nitric acid became apparent during 
the investigation of the salting-out action of nitric acid 
on the extraction of uranyl nitrate by TOPO (fig. 2). The 
extraction of nitric acid can be represented by the equation 
H+ + NO- + b TOPOorg ~ 
aq 3aq 
Hence, the extraction coefficient 
= K (NO-) (TOPO)b 3 
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l. Phillips, D.J. and Tyree, S.Y., J.Am.Chem.Soc.,~,l806(l96l)· 
2. Taube, H., Chern. Revs. 50,69(1952). 
3• Fleming, J. and Lynton,-n., Chem. and Ind.,l415(1960). 
Thus, the extraction coefficient should show a first power 
dependence on the nitrate concentration, That this ex-
pectation is fulfilled reasonably well can be seen from 
the data in Table 3 which shows the effect of sodium ni-
trate in salting-out nitric acid. 
As cancers the "solvation number" of nitric acid by 
TOPO, the experimental value obtained by studying the 
variation of extraction coefficient with TOPO concentra-
tion was 1.18. Considering that the nitric acid was deter-
mined in the aqueous phase only and tnat concentration terms 
were used, this value is sufficiently close to unity. Thus 
it is concluded that under the experimental conditions 
(viz, low nitric acid molarity in the aqueous phase), a 
1:1 complex (or adduct) is formed. This result is in 
agreement with the findings of Zingaro and White1 that 
from 0 to 0,4 N nitric acid extraction is consistent with 
the formation of a 1:1 complex. 
The information obtained from the temperature dependence 
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studies of the extraction of nitric acid by TOPO (Chapter II, 
Section B 7) and TEHPO (Chapter II, Section C 5) is sum-
2 
marized, together with the data for some other extractants , 
in the following table. The quantities AH (and hence AS) 
in case of TEHPO are uncertain due to the small volumes of 
the aqueous phase analyzed for nitric acid. 
1. Zingaro, R.A. and White, J.C., J~Inorg.Nucl.Chem.,l2,315(1960). 
2. Siddall, T.H., J.Am.Chem.soc.,81,4176(1959). 
Extraction of Nitric Acid, 25° 
Extractant LlH ilF .D.S 
TOPO 
TEHPO 
Tri-n hexyl 
phosphate 
Di-n butyl 
n-butyl 
phosphona te 
cal. 
-3900 
543 (? ) 
-600 
-400 
-600 
cal. e.u. 
-1300 -8.8 
-265 2.7 (? ) 
1410 -6.7 
1420 -b.l 
850 
-4·9 
In general, the stability of the nitric acid - phos-
phine oxide species is greater than the phosphate or phos-
phonate species. TOPO is a better extractant for nitric 
acid than TEHPO as shown by the larger (negative) value of 
~F in case of TOPO as the extractant. The rather high 
value of ~H in case of TOPO suggests that a stronger P--0 
••• H bond is formed in this case as compared to the cor-
responding bond in the phosphate or phosphonate complexes. 
c. Uranyl Nitrate- TEHPO Species. 
The solvation number of uranyl nitrate by TEHPO is two 
as evidence from the study of the variation of U(VI) ex-
traction coefficients with TEHPO concentration. (fig. ll) 
The results of the "continuous variations" experiment 
• 
* 'l'his and the subsequent data taken from Ref.(2) 
on the preceding page. 
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(fig. 9) are to be considered with the knowledge that the 
sample of TEHPO used therein contained some acidic impurity 
which was perhaps a better extractant thsn TEHPO (see dis~ 
cussion in Chapter II, Section C 3). Hence, though a sharp 
maximum was obtained in the continuous variations plot (fig. 
9), corresponding to U(VI) mole fraction of 0.33 1 the con-
clusion of' a 1:2 stoichiometry for the uranyl nitrate:TEHPO 
species from this experiment alone is questionable. 
The precipitation of the uranyl nitrate-TEHPO species 
(Chapter II, Section E) seems to point to the formation of 
a 1:2 complex. The lability of the precipitated complex 
established qy the exchange of uranium experiment conforms 
to the observation that uranyl 
The spectral studies on the 
complexes 
l 
complex 
are labile. 
lead to conclusions 
analogous to the TOPO complex with the difference that a 
smaller 11 shifttt of the P-0 absorption frequency is observed 
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in case of the TEHPO complex. In connection with the differ-
ence in the extraction ability of TOPO and TEHPO, it is 
interesting to note that the results are at least in quali-
tative agreement with the findings of Burger. 2 Burger has 
shown that extractants with better extraction ability have 
a lower P-0 absorption frequency in their infrared spectrum. 
In our case, TOPO which was found to be a better extractant 
1. Chapter II, Section E 3 • 
2. Burger, L.L., J.Phys.Chem.,62,590(1958). 
shows P-0 frequency at ll46 cm-l whereas the P-0 absorption 
frequency occurred at about 1158 cm-l in the spectrum of 
TEHPO. 
The evidence presented in connection with the absorption 
bands in the IR due to nitrate groups (Chapter II, Section 
D 4> in the uranyl nitrate- TOPO complex applies equally to 
the case of the uranyl nitrate- TEHPO complex. In this case 
too, the nitrate groups are coordinated to the central ura-
nium atom. 
Concerning the visible region spectrum of the TEHPO 
complex, it is of interest to note that the absorption 
bands are slightly displaced to the higher wavelength side 
compared to the TOPO complex. Thus, for example, the com-
parable bands occur at 438 and 455 mr for the TEHPO coMplax 
as against 436 and 450 ~ f~ the uranyl nitrate- TOPO 
complex. This difference may be due to the different 
ligand fields produced by the two phosphine oxides. 
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D. Conclusions 
Uranyl nitrate forms a complex with tri-n-octylphos-
phine oxide, 11aving the formula uo2 (No3 )2 (TOP0)2 • The 
complex is water-insoluble and extractable into organic 
solvents. The nitrate groups are coordinated to the ura-
nium atom. The complex is more stable than the complexes 
of uranyl nitrate with trialkyl phosphates or phosphonates. 
The complex is '1la bile''. The dipole moment value of the 
complex suggests this to be a cis-complex, but this ob-
viously needs verification by other independent methods. 
When nitric acid is extracted by TOPO at low concen-
tration of HN03, the resulting species is HN03 :TOPO. 
TOPO is a much better extractant for nitric acid than 
trialkyl phosphates or phosphonates. 
The evidence at hand indicates that tris(2-ethylhexyl)-
phosphine oxide forms a complex with uranyl nitrate, with 
the formula uo2 (N03 )2 : (TEHP0)2 • This complex is less 
stable compared to the TOPO complex. The nitrate groups 
in this complex are coordinated to the central uranium 
atom. It is also a 11 labile" complex. 
111 
APPENDIX 
A. Dependence of U(VI) Extraction Coefficient on Nitrate 
Concentration. 
Extraction with TOPO. 
Aqueous phase: Nitric acid concentration = 0.0122 M 
U(VI) Concentration= 0.002 M 
Sodium nitrate concentration Variable, 
0.1 M to 0.25 M 
Organic phase: 0.01 M TOPO in cyclohexane. 
After equilibrating 15 ml of each of the two phases at 
room temperature, a suitable aliquot of the aqueous phase 
was analyzed for uranium by dibenzoylmethane method. 1 The 
uranium content of the aliquot was determined by reference 
to a calibration curve. From the knowledge of the initial 
U(VI) content of the aqueous phase, the extraction coeffi-
cients were calculated. 
1. Sandell, E.B., "Colorimetric Hetal Analysis", Inter-
science Publishers, 3rd ed. ( 1959 ), P• 919 • 
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TABLE 
No. of milligrams of U(VI) in 50 ml of the original 
aq. phase = 23.87 
Soln.No. Nitrate cone. Absorbance of Mg of U in 
DBM complex 50 ml of the 
at 400 Il}U" aq. phase 
1 0.1115 M 0.173 1.15 
2 0.1615 N 0.164 0.54 
3 0.2115 M 0.123 0.4-15 
4 0.2615 M 0.097 0.)25 
The sloped log E0 / d log [Nitrate), calculated by least 
a 
squares treatment = 1.5 
*Five ml of solution no. 1 and ten ml of each of nos. 
2,3 and 4 analyzed for u. 
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B, Sample Calculations for Cryoscopic Molecular Weight of 
* the Uranyl Nitrate-TOPO Complex. 
(i) Benzene solvent: 
Freezing point of benzene (Beckmam scale) = 4·740° 
Wt of evaporating dish plus the complex = 39.1229 
Wt of evaporating dish = 37·9667 
Wt of benzene = 21.7293 
Freezing point of solution = 4·475° 
Calculations: 
Wt of complex = 1.1562 gm 
Freezing point lowering = 4•740- 4•475 = 0.265°C 
gm 
gm 
gm 
Hence, molecular weight = 5,10x 1000 x 1.1562 
= 1024 
0,265 X 21,7293 
(ii) Cyclohexane solvent: 
Freezing point of cyclohexane (Beckmam scale) 
Wt of evaporating dish plus the complex = 21.1801 
'* 
0 
Freezing point of solution ( Be c kma.."ln s ca le ) = 5-350 
Wt of evaporating dish = 24.4224 
Wt of cyclohexane = 19.2090 
Hence, as in (i) above, 20.2 x 1000 x 0.7577 
Molecular weight = = 1350 
0,590x 19,2090 
Values of molal freezing point depression constants 
(Benzene 5.1Q, cyclohexane 20.2) taken from Glasstone, s. 
"Textbook of Physical Chemistry", D. Van Nostrand Co., 
Inc., Second ed.(l946), P• 646, 
gm 
gm 
gm 
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c. Spectra in the Infrared Region: Assignments of 
Absorption bands. 
All spectra were recorded by using sodium chloride 
plates for the sample. The spectra were recorded on Perkin 
Elmer Model 21 or Model 237 recording spectrophotometer. 
Spectrum No. 
I H - 1 
I R - 2 
I R - 3 
Compound 
Top spectra: Uranyl nitrate 
( Nuj ol Mull) 
Bottom spectra: 
B. 
U02 (N03 )2(TOP0)2 (f'Ilm) 
TOPO (Nujol Mull) 
U02 (N03 )2 (TOP0)2 (fUm) 
c. Uranyl nitrate 
(Nujol i'lull) 
A. 
B. 
Uranyl nitrate 
(Nujol Mull) 
U02 (N03 )2 (TOP0)2 (f'Ilm) 
Assignments 
3450 
1625 
1080 
1460 
1380 
1350 
1300 
-1 
em 
II 
-1 
em 
-1 
em 
0-H 
stretching 
Water 
P-0 
stretcning 
P-O 
cm-l Nujol 
11 Nujol 
11 Nitrate) ionic 
11 Nujol 
1510 cm-l 0-NO 
asymm. &tr. 
1460 
1380 
1280 
1\ 
11 ) C-H deform. 
" 0-NO 2 symm. s tr. 
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S,12ectrum No. COmJ20Und Assignments 
I R - 4 A Tris-2ethylhexyl phos- 3370 -1 H-bonded and em 
I R - 4 B phine oxide 0-H impurity 
2920 anQ-1 2950 em C-H stretch 
1460 ang.1 1374 6m C-H deform. 
1158 -1 P-0 stretch em 
I H - 5 Uranyl Nitrate-TEHPO 1520 -1 0-NO em 
complex. (precipHated ( as yfn. s tr • ) 
from ethanol solutio,.) 1264 -1 0-NO em (sy~. str.) 
1100 -1 P-0 str. em 
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D. Calculation of Oscillator Strength of the Transition for 
the 436 mp Band in the Spectrum of the Uranyl Nitrate-TOPO Complex. 
Wavelength, mu 
430 
431 
432 
433 
434 
435 
436 
437 
438 
439 
440 
Frequency, (cm- 1 ) 
23256 
23202 
23148 
23095 
23041 
22988 
22936 
22883 
22831 
22779 
22727 
(molar absorptivity) 
8.65 
b.Bo 
9.05 
9-27 
9.9 
10.2 
10.35 
9-95 
9·5 
8.5 
7-3 
The molar absorptivity is plotted against lf and from 
the plot the half band width i.e. the energy width when 
E = 1 tmax, is estimated. 
2 
Hence, 1 oscillator strength 
= 4.6 x 10-9 x E max x Llli 
= 4•6 X 10-9 X 10.35 X 2400 
= l.l X 10-4 
-l 
em 
Hence, according to the classification of intensities on page 
1 2bl of reference , this corresponds to a spin-allowed transition. 
1. T. M. Dunn in 11 Modern Coordination Chemistry", edited by 
Lewis, J. and Wilkins, R.G., Interscience Publishers, 
In~., New York(l960), P• 277, 
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FIGURE 19· 
SPECTRUM OF 
URANYL NITRATE- TOPO COMPLEX. 
24000. 25000 
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ABSTRACT 
Due to the necessity of recovering uranium from reactor 
fuels, a number of separation methods have been investigated 
in recent years. Of these, the method of solvent extraction 
has proved to be a practical one. Long chain symmetrical 
phosphine oxides have been shown to extract uranium and a 
number of other metals under different conditions. 
It was the object of the present investigation to esta-
blish the nature of the species resulting from uranyl ni-
trate-R3Po (R =alkyl group) interaction. The two phosphine 
oxides selected for the .study were: 
(i) Tri-n-octylphosphine oxide (TOPO) and 
(ii) Tris(2-ethylhexyl)phosphine oxide (TEHPO). 
An attempt was made to obtain pure TEHPO. Though the 
attempt has not met with complete success, yet significant 
conclusions concerning the stoichiometry and relative stabi• 
lity of the uranyl nitrate-TEHPO complex could be drawn. 
Studies using TOPO: 
Uranyl nitrate-TOPO species: 
130 
By extraction experiments, the 11 solvation number" of 
U(VI) by TOPO was found to be two. Extraction experiments 
also established that one U atom is present per formula unit 
of the complex. The result of the "continuous variations'' 
experiment was consistent with a 1:2 stoichiometry for U(VI): 
TOPO. 
The effect of nitric acid on the extraction of U(VI) 
was investigated. Temperature dependence studies for the 
extraction of uranyl nitrate were carried out to arrive at 
approximate values of ~H and AS. The complex was found to 
be highly stable. However, U-233 exchange experiments 
showed that the complex is "labile". 
Precipitation of the uranyl nitrate-TOPO complex from 
ethanol by addition of excess water was studied quentita-
tively. This study together with the study of the infrared 
spectrum of the complex showed that the formula of the com-
plex could be written as uo2 (N03 )2 (TOP0)2 • The nitrate 
groups ere coordinated to the central atom. 
The complex does not contain water. A decrease in the 
-1 P--0 absorption frequency by about 70 em was observed as 
a result of complex formation. Spectra in the visible light 
region showed absorption bands at 436 mr and 450 ryu for 
the complex. 
Cryoscopic molecular weight of the complex (prepared by 
reacting uranyl nitrate and TOPO in a 1:2 mole ratio in 
ethanol, followed by evaporation of the solvent) was found 
to be significantly different in the two solvents cycle-
hexane and benzene. A dipole moment value of about 8 Debyes 
was obtained for the complex. 
131 
Concerning the nitric acid-TOPO interaction, a 1:1 
stoichiometry was obtained at low HN0 3 aq concentrations. 
Temperature dependent studies were made to evaluatedH and 
as for the extraction of nitric acid. 
Uranyl nitrate-TEHPO species: 
Sufficient evidence was obtained that in this case also 
a 1:2 complex is formed. The uranyl nitrate-TEHPO complex 
could be precipitated like the corresponding TOPO complex. 
The TEHPO complex was found to be less stable compared to 
the TOPO complex. U-233 exchange studies established the 
lability of the U-TEHPO complex. 
A study of the infrared spectra showed that: 
(i) The complex does not contain water, 
-1 (ii) The P--o frequency is lowered by about 58 em on 
complex formation, and 
(iii) The nitrate groups in the complex are coordinated to 
the uranium atom. 
In the visible light region, absorption bands at 438 ~ 
and 455 mr were attributed to the complex. 
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